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GENERAL INTRODUCTION 
Soybean [Glycine max (L.) Merr.] was first introduced in tlie United States as 
a forage crop (Anonymous, 1882; Brooks, 1892; Brooks, 1896; Dodson and 
Stubbs, 1898; Morse, 1950; Hartwig, 1973). Tlie change from the utilization of 
soybean as a forage crop to a seed crop began in the mid 1930s, when breeders 
began making two and three-way crosses between Plant Introductions (Specht and 
Williams, 1984). The cultivars which were released from these hybridization 
programs showed a 15 - 25% yield increase, and were used as parents for the next 
generation of cultivar releases (Specht and Williams, 1984). This cyclic breeding 
process has continued into modern breeding programs, resulting in a narrow 
genetic base. Only 12 ancestral lines contributed 88% of the germplasm in 
Northern United States cultivars (Specht and Williams, 1984, Delannay et al. 
1983). 
The limited germplasm base has raised questions about the amount of 
variability present in soybean cultivars. There has been speculation about whether 
there is enough variability present in current soybean cultivars to continue making 
crosses between elite cultivars to obtain superior progeny. Exotic germplasm has 
primarily been used in backcross programs. Therefore, these exotic lines do not 
contribute significantly to the genetic base. 
The onset of RFLP (Restriction Fragment Length Polymorphism) technology 
has assisted scientists in addressing the questions about genetic variability. 
RFLPs have been used to create molecular linkage maps in many species, 
including soybean (O'Brien, 1993). RFLP markers have been used to map 
qualitative and quantitative traits, to evaluate duplicate loci and their implications in 
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genome evolution, and to asses the amount of diversity present in soybean 
germplasm (Keim et al. 1989; Shoemaker et al. 1992). 
The purpose of the research in this dissertation was to retrospectively 
analyze the process of soybean cultivar development from a molecular 
perspective, through the use of RFLP markers. This molecular pedigree based 
analysis could potentially identify regions of the genome which have positively (or 
negatively) affected the agronomic improvements made in cultivars during the first 
five generations of development and release. 
Explanation of the Dissertation Format 
This dissertation contains five papers, preceded by a literature review and 
followed by general conclusions. Paper I demonstrates the usefulness of 
analyzing soybean pedigrees to monitor the inheritance of chromosomal regions 
and to assign the cosegregation of phenotypic traits and RFLP markers. Paper II 
looks at the amount and distribution of recombination events that occurred during 
cultivar development. Paper III compares the results of principal component 
analysis when using RFLP similarity values, and estimates of similarity using 
coefficient of parentage values, measurement of metric characters, and isozyme 
patterns. Paper IV follows the changes in allele frequency which have occurred 
during soybean cultivar development. Paper V analyzes soybean ancestral "types" 
to determine their relatedness. 
Each paper is a complete manuscript which has been, or will be submitted 
for publication. My name will appear as the senior author on each of the five 
manuscripts. I was responsible for data collection, analysis and manuscript 
preparation. Each manuscript is co-authored by at least one other individual. In 
addition to Dr. Randy Shoemaker, USDA-ARS, Iowa State University (Major 
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Professor) Dr.s James Specht, University of Nebraska, and Nevin Young, 
University of Minnesota, and Sam Boutin, University of Minnesota, made significant 
contributions to the first paper, entitled "Soybean Pedigree Analysis Using Map-
Based Molecular Markers I. Tracking Chromosomal Regions". Jim Specht 
assisted in the experimental design, and in the identification of germplasm sources, 
as well contributing valuable suggestions during a review of the manuscript. Nevin 
Young and Sam Boutin were responsible for creating the software, Supergene™, 
that was used in the visualization of RFLP data. I assisted in the design of 
Supergene™, but not in the actual writing of the "code". References cited in the 
general introduction and literature review are listed in "LITERATURE CITED", 
following the General Conclusion. 
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LITERATURE REVIEW 
History 
Historical common names for domesticated soybean include "soya bean", 
"soja bean", and "soy bean" (Anonymous, 1882; Brooks, 1892; Brooks, 1895; 
Brooks, 1896). Taxonomically, domesticated soybean has been classified as 
Phaseolus max, Dolichos so/a. Glycine hispida, Soy hispida, Soja hispida, and 
Soja max, before the current classification of Glycine max (Brooks, 1892; Dodson 
and Stubbs, 1898; Piper, 1914; Morse, 1950). 
"The Soy-bean bears the climate of Pennsylvania very well. The bean ought 
therefore to be cultivated." This was one of the earliest accounts of the mention of 
soybean in American literature (Mease, 1804). Hymowitz and Harlan (1983) 
reported that Samuel Bowen planted soybeans on his plantation in Georgia and 
used them to produce soy sauce and vermicelli in 1765. Benjamin Franklin was 
also credited for an early introduction of soybean. In 1770, he sent soybean seeds 
from London to Philadelphia (Hymowitz and Harlan, 1983). 
Soybean Plant Introductions were brought to the United States primarily 
from Japan, China, and Korea (Delannay et al. 1983). The earliest written record of 
soybean was in 2207 B.C., suggesting that soybean may have been one of the first 
crops cultivated by man (Morse, 1950). The first soybeans cultivated in the United 
States were used as forage crops (Anonymous, 1882; Brooks, 1892; Brooks, 1896; 
Dodson and Stubbs, 1898; Morse, 1950; Hartwig, 1973). Brooks (1986) reported 
'Medium Green' as, "a useful crop, whether for feeding green or for silage." The 
attempt to assess forage quality was sometimes impeded by disaster. Brooks 
(1892) reported that, "About eight bushels of beans were ground into a fine meal by 
the local miller last winter, and an experiment in feeding the meal to milch cows 
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would have been undertaken, had not the destruction of our barn by fire prevented 
(the experiment)." Other, completed studies undertaken in the late 1890s and early 
1900s involved the assessment of nitrogen fixation and nodule formation (Brooks, 
1895; Voorhees, 1916; Leonard, 1915). It was known as early as 1895 that there 
was a"... bacillus which gives the plant the power to fix atmospheric nitrogen..." 
(Brooks, 1895). To test the effects of this "bacillus", three soybean varieties were 
grown in two replications, one In sterilized soil, and the other in sterilized soil to 
which "the soil of every pot... a little dust from the floor where soya beans had 
been threshed, was added" (Brooks, 1895). The addition of the "dust" caused more 
vigorous growth and greater nodule formation (Brooks, 1895). 
Throughout the 1920s, soybean was grown primarily as a hay crop. In 1929, 
56% of the soybean crop was used for hay, 16% of the crop was grazed, and 28% 
of the crop was harvested for seed (Burlison and Whalin, 1932). Morse (1950) 
estimated that, prior to 1930, less than 25% of the total soybean acreage was 
harvested as seed. After 1930, increase in seed acreage progressed rapidly. Forty 
percent of the soybean acreage planted in 1939 was harvested for seed, 72% in 
1944, and 84.5% in 1947 (Morse, 1950; Hartwig, 1973). This rapid increase in 
soybean acreage harvested for seed coincided with a change in breeding strategy. 
Breeders began making two-way crosses between Plant Introductions (Specht and 
Williams, 1984). Crosses among these new cultivars, which were released in the 
1940s, resulted in the "next generation" of cultivars, released in the 1950s. 
Repetition of this cyclic process has continued in modern breeding programs, with 
new cultivars primarily the result from elite x elite crosses (Specht and Williams, 
1984). 
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Limited Germ plasm Base 
The cyclic breeding strategy used in deriving soybean cultlvars has resulted 
in a narrow genetic base (Johnson and Bernard, 1963; Hartwig, 1973; St. Martin, 
1982; Specht and Williams, 1984). In 1898, the United States Department of 
Agriculture began Introducing soybean plant accessions. A formal collection of 
these introductions was founded in 1949 (Morse, 1950; Bernard, 1976). Despite 
more than 10,000 soybean introductions, the limited germplasm base has 
persisted. Specht and Williams (1984) estimated that 88% of the germplasm 
present in modern cultivars could be attributed to just 12 Plant Introductions. In 
1939, there were 108 varieties of soybean, 37 of which were considered seed-
producing types. Only 14 of these 37 were grown on "appreciable acreage" 
(Hartwig, 1973). Between 1942 and 1973, 94 soybean varieties were registered. 
In 1957,12 varieties accounted for 87% of the United States acreage, while four of 
these 12 varieties accounted for 55% of the United States acreage. In 1965, ten 
varieties accounted for 85% of the United States acreage, while five of these ten 
varieties accounted for 67% of the United States acreage (34.5 million acres). 
Likewise, in 1971, ten varieties accounted for 80% of the United States acreage, 
while five of these ten varieties accounted for 50% of the United States acreage 
(Hartwig, 1973). 
Further evidence of the limited germplasm base can be seen through the 
evaluation of cytoplasm sources. Only 16 different introductions were cytoplasm 
sources for the 136 cultivars released between the years 1939 and 1981. Five of 
these 16 cultivars were cytoplasm sources for 121 of the 136 released cultivars 
(Specht and Williams, 1984). The narrow genetic base, both cytoplasmic and 
nuclear, has been attributed to the limited number of crosses that gave rise to 
superior progeny in the first cycle of hybridization, and the continued cyclic 
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breeding process (Specht and Williams, 1984, Delannay et al. 1983). Although 
many two and three-way crosses between Plant Introductions were analyzed, very 
few produced superior progeny. The combinations of Lincoln^ x Richland, Mukden 
X Richland, Mandarin Ottawa x AK Harrow, lllini x Dunfield, and Manitoba Brown x 
Mandarin, were the most successful. The cultivars released from these 
hybridization programs were the foundation for the second cycle of hybridization 
and cultivar release (Specht and Williams, 1984; Delannay et al. 1983). Delannay 
et al. (1983) demonstrated that the number of ancestors contributing to the genetic 
base increased between the periods 1951 - 60,1961 - 70, and 1971 - 80. Many of 
the new introductions were used in backcross programs and only contributed a 
very small percentage of the gemone. Therefore, they did not contribute 
significantly to the genetic base. 
Despite soybean's narrow genetic base, breeders have been able to 
successfully improve soybean cultivars. Numerous studies have reported an 
increase in yield that has been achieved by hybridization programs. Luedders 
(1977) reported an improvement in yield of 42% over a 47 year period (1924 - 26 to 
1971 - 73) in maturity groups I to IV. Boerma (1979) reported an improvement in 
yield of 21% over a 30 year period (1942 -1973) in maturity groups VI, VII, and VIII. 
Wilcox et al. (1979) reported an improvement in yield of 25% over a 50 year period 
in maturity groups II and III. Finally, Specht and Williams (1984) looked at the yield 
increase between Plant Introductions and cultivars released from hybridization 
programs in the early 1940s. A 26% increase across all maturity groups was 
reported. 
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RFLP Markers 
Map construction 
RFLPs (Restriction Fragment Length Polymorphisms) were first used as a 
tool for genetic analysis in 1974 (Grodzicker et al. 1974). The location of mutations 
on a physical map of restriction fragments was assigned in adenovirus (Grodzicker 
et al. 1974). In humans, an RFLP linked to sickle-cell anemia was identified and 
used to detect the disease in utero (Kan and Dozy, 1978). These RFLPs were 
identified based on their relationship to a known, cloned piece of DNA, and without 
the cloned gene, the experiment could not have taken place. 
Botstein et al. (1980) proposed that random DNA fragments which detected 
polymorphisms would be useful mapping tools. "The basic principle of the 
mapping scheme is to develop, by recombinant DNA techniques, random single-
copy DNA probes capable of detecting DNA sequence polymorphisms, when 
hybridized to restriction digests of an individual's DNA." (Botstein et al. 1980). An 
RFLP was defined by Botstein et al. (1980) as the recognition and cleavage of 
specific DNA sequences by restriction enzymes. This yielded DNA fragments of 
different sizes which were separated according to size by electrophoresis in an 
agarose gel. Differences in DNA fragment sizes between individuals resulted from 
insertions, deletions, rearrangements, and single base pair alterations. The 
polymorphism was visualized by the hybridization technique described by 
Southern (1975). Botstein et al. (1980) theorized most that RFLPs should be 
inherited as co-dominant molecular markers, even if they appear as dominant or 
recessive genetic markers. Changes such as single base pair alterations, 
insertions, or deletions gave rise to these co-dominant markers. 
Much discussion has surrounded the questions of the number of markers 
needed for a useful map, and the number of probe/enzyme combinations required 
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to detect a useful polymorphism. Botstein et al. (1980) estimated that the human 
genome was 33 Morgans in length. A useful map needed markers spaced 20 
centiMorgans apart. Therefore, 150 markers were needed to cover the human 
genome. Beckman and Soller (1983) estimated that ten to 20 probe/enzyme 
combinations would need to be analyzed in order to detect a mappable 
polymorphism. This translated into between 3,000 and 6,000 probe/enzyme 
hybridizations for a map with markers every 20 cM, and a total distance of 30 M. 
Beckman and Soller (1983) also estimated that maps constructed from 300 
individuals that contained 50 and 290 markers would cost approximately $14,000 
and $90,000 to construct, respectively. Beckman and Soller (1983) felt that the 
benefits derived from mapping experiments would far outweigh the cost of 
production. 
There are at least three sources of probes that have been used in the 
construction of RFLP maps, each with advantages and disadvantages. Large 
genomic fragments (10-20 Kb) have been used as probes. The major drawback to 
these probes was that they often contained repetitive sequences. These repetitive 
sequences resulted in autoradiograms that were too complex to interpret (Botstein 
et al. 1980). However, Feder et al. (1985) showed that these large genomic clones 
could be screened for repetitive sequences, and large probes void of repetitive 
sequences could be isolated. These probes detected a high level of 
polymorphism. Smaller genomic clones were also a source of probes. The 
advantages of these smaller probes were the size, and the lack of repetitive 
sequences. The disadvantage was that a lower percentage of small genomic 
clones detected polymorphisms when compared to the larger genomic probes 
(Botstein et al. 1980; Feder et al. 1985). Finally, Botstein et al. (1980) proposed the 
use of cDNA clones as RFLP probes. The advantage was that these probes were 
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known genes, not random fragments linked to genes. However, because they 
were genes, they were likely subjected to higher selection pressures. This made 
them less likely to be polymorphic between individuals. 
The first RFLP linkage studies in soybean were done by Apuya et al. in the 
late 1980s (Apuya et al. 1988). Twenty-seven markers were analyzed for linkage 
in an F2 population. Eleven of these markers were assigned to four linkage 
groups. Only one out of five probes detected a polymorphism between the two 
Glycine max cultivars used to determine the linkages. Apuya et al. (1988) 
screened five cultivars and determined that each one could be uniquely identified 
using five probes that detected simple patterns. By using a probe which detected a 
complex pattern, only one probe was necessary to uniquely identify the five 
cultivars. Predominantly two alleles per locus were identified (Apuya et al. 1988). 
To increase the likelihood of detecting a polymorphism, Keim et al. (1990a; 
1990b) constructed a soybean RFLP map from an interspecific cross. The female 
parent was Glycine max, and the male parent was Glycine soja, the wild progenitor 
to modern soybean cultivars. Forty percent of the probes screened were 
polymorphic, a two-fold increase over the G. max x G. max population used by 
Apuya et al. (1988) (Keim et al. 1990a; Keim et al. 1990b). The first published 
soybean RFLP map contained 150 markers, located on 26 linkage groups. In 
1993, the number of markers on this map had increased to 372 and the number of 
linkage groups had decreased to 23, as new markers combined some previously 
independent linkage groups (Shoemaker et al. 1992). In addition, an RFLP map 
was constructed using a cross between Glycine max cultivars, Minsoy and Noir 1. 
This linkage map contained 132 RFLP, isozyme, morphological and biochemical 
markers, distributed over 31 linkage groups (Lark et al. 1993) The probes used to 
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create these soybean RFLP maps have been utilized in many genetic studies, from 
genome evolution studies, to mapping experiments, and diversity analyses. 
Genome composition and evolution 
Glycine max contains forty chromosomes (n = 20). Glycine was the only 
genus among the Phaseoleae where a haploid number of 20 was found. Haploid 
numbers of 8 to 12 were found in other genera, which lead to the hypothesis that 
soybean was an ancient tetraploid (Hymowitz and Harlan, 1983). It has been 
proposed that G. max was derived from a diploid ancestor with a base number of 
eleven. An anueploid loss brought the base number to ten, and subsequent ploidy 
resulted in n = 20 (Hadley and Hymowitz, 1973). 
Further evidence that supported the hypothesis of soybean as an ancient 
tetraploid was evident when looking at classical genes. A scan of the gene symbol 
index (taken from the soybean monograph) showed 19 classical genes which were 
duplicated, and 13 which were present in at least three known copies (Palmer, 
1987). An example of a "duplicated" gene was Dtl and Dt2, both of which control 
the stem termination type of soybean (Palmer, 1987). These findings were 
consistent with the tetraploid hypothesis. If the chromosomal locations of these 
duplicated genes were known, they could have lended insight in to the evolution of 
the soybean genome. The classical map, however, was vary sparse. Only 61 
genes had been assigned to 19 linkage groups (Palmer, 1993). 
Therefore, to study genome evolution, RFLP probes which detect multiple 
loci have been examined. Assuming soybean originated as a tetraploid, loci linked 
on one linkage group should contain a homeologous linkage block on another 
linkage group. Keim et al. (1989) did not support this theory when analyzing 23 
duplicated loci. The duplicated sequences appeared primarily scrambled (Keim et 
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al. 1989). Shoemaker et al. (1993) also looked at duplicated loci detected by RFLP 
probes. These data showed that in some instances, homeologous linkage blocks 
were detected. This was not always the case, and extreme scrambling was also 
apparent. Thus, if soybean was an ancient tetraploid, there has been an extensive 
amount of genome rearrangement (Shoemaker et al. 1993). These findings are 
contradictory to what has been shown in maize, where duplicated sequences have 
shown evidence of ancient homeologous linkage groups (Helentjaris et al. 1988). 
Mapping qualitative and quantitative traits 
Meuhlbauer et al. (1988) first proposed the use of near isogenic lines (NILs) 
to map qualitative traits in soybean. NILs in soybean have been developed by 
backrossing in one or more qualitative genes. It was fortunate that a large 
collection of soybean NILs had been created and maintained prior to the onset of 
RFLP technology (Bernard, 1976). Mapping qualitative traits using NILs had a 
distinct advantage over an outcrossed population. Namely, only four out of 100 
randomly chosen probes was expected to show a polymorphism in a BC5S1 NIL 
(Muehlbauer et al. 1988). Thus, the greatest effort was to screen the NILs for 
polymorphisms. Any polymorphism found was a potential linkage between the 
integrated gene and the DNA locus, that should be confirmed or refuted by analysis 
of a segregating population (Muehlbauer et al. 1988). 
The largest limitation foreseen in using NILs to map qualitative traits was the 
extent of molecular diversity between the donor and recurrent parent. The more 
similar the two parents were, the less likely it was to uncover a polymorphism. In 
two separate surveys, 63 and 116 donor parent/recurrent parent pairs were 
analyzed with RFLP markers, and the observed level of polymorphism between the 
donor parent and recurrent parent was 34% (Muehlbauer et al. 1989; Muehlbauer 
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et al. 1991). The authors felt that this level of polymorphism demonstrated the 
usefulness of NILs as mapping tools (Muehlbauer et al. 1989; Muehlbauer et al. 
1991). 
Muehlbauer et al. (1989) used 63 soybean NILs to detect linkages between 
isozyme loci. Five putative linkages were made, and two of these were confirmed 
by F2 segregation analysis. Enp was linked to In, and Mpi was linked to Dt2. In 
1991, Muehlbauer et al. analyzed 16 NILs and determined that pK003 was linked 
to the R gene, and pK472 to LM. Diers et al. (1992d) used NILs to map five 
phytophthora resistance genes, and one gene which affected nodulation. Rps^ 
was linked to markers K-395-2, K418-1, Ab71-1, A280 and R022, f?ps2 and Rj2 
were tightly linked to each other and to markers K375, A724, A233, and A199-2, 
Rps3 was linked to K265, A186, A757, R045, and K644-1, and RpsA was linked to 
A586-2 and t005, and putatively linked to Rps5. NILs have also been used in other 
crop species to map qualitative genes. The Tm-2a gene in tomato, which confers 
resistance to tobacco mosaic virus, was tightly linked to two RFLP markers, TG79 
and TGI01 (Young et al. 1988). 
F2 segregating populations have also been used to map qualitative traits. 
Landau-Ellis et al. (1991) determined that the nts gene, controlling 
supernodulation, was tightly linked to locus A132. A subclone from probe pA132, 
pUTG-132a showed no recombination with the nts locus. An association of two 
RFLP markers, pBLT24 and pBLT65 was made with the / gene (Weismann et al. 
1992). The / gene was known to be closely linked to a gene conferring resistance 
to soybean cyst nematode (RhgA). Thus, indirectly, the Rhg4 gene was localized 
using RFLP markers (Weismann et al. 1992). Additionally, Nickell et al. (1993) 
showed linkage of RFLP markers A537 and A611 with the Fap2 locus in soybean. 
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Associations of RFLP markers and quantitative traits (QTLs) have been 
made using F2 segregating populations. Keim et al. (1990b) analyzed 60 F2 
derived lines (G. max x G. soja population) for variation in seed coat hardness, 
determined by germination of percentage of F3 seeds. Five RFLP markers were 
associated with hard-seededness, three of which were located in a 43 cM region. 
These three linked QTLs, T153a, A111, and A136, were thought to represent the 
same QTL (Keim et al. 1990b). The three previously mentioned RFLP loci were 
linked to the I gene, which controls seed coat color, and has previously been 
associated with hard-seededness (Keim et al 1990b; Starzing et al. 1982). In total, 
71% of the variation in hgrd-seededness was explained by the five RFLP markers 
(Keim et al. 1990b). Keim et al. (1990a) analyzed the same 60 individuals from the 
previous experiment, at 150 RFLP loci for QTLs associated with eight traits. QTLs 
were located for each trait, and the markers explained over 20% of the total 
variation. The QTLs associated with flowering and maturity, two highly correlated 
traits, were identical with one exception (Keim et al. 1990a). 
Two studies by Diers et al. (1992c) and Diers and Shoemaker (1992b) 
reported QTLs for seed composition traits. A negative correlation was shown 
between alleles conferring high protein and high oil values (Diers et al. 1992c). 
Diers et al. (1992a) analyzed a G. max x G. soja population for QTLs associated 
with Iron efficiency. Two hundred seventy two markers were analyzed, and three 
QTLs were located which affected iron efficiency. However, the three RFLP loci 
were not significantly associated with iron efficiency in a test population, and 
additional research is underway to further investigate these findings (Diers et al. 
1992a). 
Recombinant inbred lines have also been used to map quantitative traits. 
Mansur (1993a) analyzed 15 quantitative traits among recombinant inbred lines 
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derived from a cross of Minsoy x Noir 1, and found RFLP markers associated with 
11 of these. Intervals that controlled developmental, morphological, and seed yield 
traits (R1, R5, R8, plant height, etc.) tended to cluster together, and were in 
locations distinctly different from QTLs associated with oil. Mansur et al. (1993b) 
analyzed 284 recombinant inbred lines (RILs) derived from a cross of Minsoy and 
Noir 1 for variation in the quantitative traits maturity, plant height, lodging, and yield. 
DNA from lines exhibiting "extreme" phenotypes for each of the traits was bulked 
and subjected to an RFLP analysis. Markers associated with each of these traits 
were located. In most instances, the results (RFLP loci associated with a QTL) 
using the bulked DNA from the extreme phenotype plants agreed with the results 
obtained when analyzing a subset of the 248 segregating RILs, without bulking 
DNA samples (Mansur et al. 1993b). However, one additional marker was 
identified by using the extreme phenotype method, and confirmed by analysis of 
237 RIL plants Mansur et al. 1993b). 
Pedigree and diversity analysis 
Keim et al. (1989) analyzed 58 G. max, G. soja, and G. gracillus lines at 17 
RFLP loci. Principal component analysis revealed, as expected, that entries from 
each species tended to cluster together (Keim et al. 1989). 
A study which involved 108 genotypes demonstrated that the linkage groups 
on the soybean map do not show equal probability of detecting a polymorphism 
between soybean cultivars (Skorupska et al. 1994). Seven linkage groups 
"predominately detected polymorphisms". Overall, 46% of the probes detected a 
polymorphism. Principal component analysis showed that the variance between 
cultivars was almost equally spread between the first two components, 12.4% and 
10.7%, respectively. One hundred four of the cultivars appeared as a large cluster, 
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with four very obvious outliers. These outliers were ancestral germplasm sources 
(Skorupska et al. 1994). Skorupska et al. (1994) also noted that the genetic 
diversity tended to narrow within the maturity groups, where the cultivars were 
more closely related by pedigree. 
Shoemaker et al. (1992) used RFLP markers to examine diversity. Fifty-one 
genotypes were analyzed with 32 probes and 5 enzymes. Overall, there was a 
24% probability of detecting a polymorphism between any two genotypes with any 
probe/enzyme combination (Shoemaker et al. 1992). The usefulness of analyzing 
pedigrees with RFLP markers was also demonstrated. Four cultivars were 
analyzed to determine their relatedness based on RFLP markers. The two cultivars 
which were most closely related by pedigree (Harosoy and Corsoy) showed the 
lowest level of RFLP diversity, 17%. Likewise, the two genotypes most distantly 
related by pedigree (Williams and Corsoy) showed the highest level of RFLP 
diversity, 46% (Shoemaker et al. 1992). Shoemaker et al. (1992) also 
demonstrated the ability to follow chromosomal segments from parent to offspring, 
by monitoring RFLP loci. 
The limited number and availability of ancestral lines, as well as excellent 
pedigree records help to make soybean an ideal system for pedigree analysis. 
Breeders often use these pedigree relationships to assist in parental selection, 
particularly to avoid crosses between cultivars with very similar pedigrees. 
Molecular characterization of these pedigrees could help to determine what 
changes have contributed to the improvements in soybean cultivars that have been 
achieved over the past five decades. This, in turn, could potentially assist soybean 
breeders in making parental selections, and determining breeding strategies. 
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Conclusions 
Soybean has been an important crop in the United States since the 19th 
century. The cyclic breeding process, while successful, has resulted in a narrow 
genetic base. Before breeders exhaust the potential of this narrow genetic base, 
new techniques need to be identified to continue cultivar improvement. RFLP 
technology may help to achieve this goal. The localization and "tagging" of 
important agronomic traits may assist the breeder in making superior selections. In 
order to most effectively use modern genetic techniques, it is important to 
understand what molecular changes have already occurred in the past five 
decades of soybean breeding. In this dissertation, I endeavor to analyze soybean 
pedigrees with molecular markers, to begin to identify regions of the genome which 
have positively (or negatively) affected the agronomic improvements made in 
cultivars during the first five generations of development and release. This 
information could form a basis for future studies. 
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PAPER 1. SOYBEAN PEDIGREE ANALYSIS USING MAP-BASED 
MOLECULAR MARKERS I. TRACKING CHROMOSOMAL 
REGIONS 
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ABSTRACT 
The history of soybean cultivar development is relatively short. Almost 90% 
of the germplasm present in modern cultivars can be traced back to just 12 
ancestral lines which were introduced into the United States in the early 1900's. 
This limited number of ancestral contributors and short history make soybean a 
promising system for marker-facilitated, pedigree-based, genetic analysis. Sixty-
four soybean lines were analyzed at 217 RFLP loci to identify a core set of markers 
to use in evaluating these, and other, elite breeding lines. A core set of 95 RFLP 
loci were identified which had a greater probability of detecting a polymorphism. 
Two pedigrees, that of Lincoln and Ogden, could not be supported by RFLP 
analysis. Comparison of the predicted amount of germplasm contributed by a 
parent, and the amount observed by RFLP analysis revealed that one parent often 
provided more genetic information than expected. These regions contributed by a 
parent can be tracked linkage group by linkage group, often for more than one 
generation. Six generations of cultivar development were included in this analysis, 
and one RFLP allele, R013-1-b could be traced through all six generations. The 
ability to follow regions of chromosomes from parent to offspring, through multiple 
generations should provide a greater understanding of what transpired at the 
molecular level during the breeding of cultivars over the last 55 years. Graphical 
genotypes of the cultivars analyzed in this study, and the raw RFLP data, are 
available for electronic transfer. 
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INTRODUCTION 
Soybean was introduced into North America in 1765 as a forage crop 
(Hymowitz and Harlan, 1983). It was not until the early 1900s that soybean was 
recognized for its importance in production of oil and meal (Smith and Huyser, 
1987). Plant introductions, or selections from these, served as the first cultivars. 
Cultivars derived from crosses between plant introductions were first released in 
the 1940s (Fehr, 1987). Subsequent mating among those selections and a 
progressive pattern of hybridizing elite lines have produced the cultivars used in 
production today (Specht and Williams, 1984). 
The development of detailed molecular genetic maps for soybean provides 
for a wide range of map-based applications (Shoemaker et al. 1992; Shoemaker 
and Olson, 1993). The value of a molecular marker map in breeding programs is a 
function of its utility in the "genotyping" of phenotypes. Mapping populations 
frequently originate from crosses of a cultivated and wild parent and thus have a 
high degree of genotypic polymorphism. However, many of the marker alleles 
contributed by the wild parent are absent in cultivated genotypes and thus have 
limited usefulness in breeding programs. It is therefore important to identify a core 
set of markers that will be useful in evaluating elite soybean breeding lines. 
Various estimates of genetic relatedness have traditionally been used in 
selecting parents. Such estimates are based on the premise that the progeny of a 
single cross receives 50% of its genetic information from the female parent and 
50% from the male parent. Coefficient of parentage, which is the probability that 
two cultivars have an allelic identity (at any random locus) by descent, provides a 
measure of the relatedness of two cultivars, but requires accurate and complete 
pedigree information. Some cultivars have been released without complete 
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knowledge of their pedigree, and their pedigrees may be nothing more than 
educated guesses. An example of a probable erroneous pedigree is that of the 
cultivar 'Lincoln', reported to be 'Mandarin' x 'Manchu'. This pedigree was first 
questioned because the flower color of Lincoln was white, while Mandarin and 
Manchu had purple flowers. In 1989, Grabau et al. confirmed by mitochondria DNA 
analysis that Mandarin could not be the female parent of Lincoln. Two additional 
examples are the cultivars 'Pagoda' and 'Acme', reported to be progenies of 
'Manitoba Brown' x Mandarin. Because these cultivars were developed in 
Canada, it is now thought that 'Mandarin Ottawa' is the true male parent (Carter et 
al. 1993). 
The genetic foundation of modern soybean cultivars is limited. Just 12 
ancestors are estimated to account for more than 88% of the germplasm of the 
northern gene pool (Delannay et al. 1983; Specht and Williams, 1984). Given the 
limited number of ancestral contributors to current soybean germplasm and 
relatively short history of cultivar development it should be possible to conduct 
marker-facilitated, pedigree-based, genetic analysis in the soybean. 
Shoemaker et al. (1992) observed that pedigrees were, in effect, a genetic 
record of breeder manipulations of agronomic traits. Therefore, a retrospective 
analysis with molecular markers might reveal genomic regions of importance. Four 
cultivars were evaluated using markers from two linkage groups to demonstrate 
that a molecular pedigree assessment had the potential to identify desirable 
linkage blocks. These analyses were preliminary and provided no definitive 
picture of genome manipulation during cultivar development. 
The purpose of this research was (i) to identify a core set of markers in the 
public soybean RFLP map that would be useful for pedigree-based genetic 
analyses of elite soybean cultivars, (ii) to delineate and track specific chromosomal 
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segments that have been passed from ancestral to descendent cultivars, (ill) to 
determine if the observed and expected fractions of parental genome in each 
cultivar are comparable, and (iv) to demonstrate the utility of "pedigree-based 
mapping" in the detection of putative linkages between molecular markers and the 
standard descriptive traits used in cultivar identification. 
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MATERIALS AND METHODS 
Selection of Germplasm 
For this study we chose 30 cultivars, released between the years 1939 and 
1979. The "milestone" label refers to their commercial success, as measured by 
their significant USA acreage during various historical periods. For example, in 
1971, the cultivars Lee, Clark, Wayne, Amsoy, and Corsoy, made up 50% of the 
northern United States soybean acreage (Hartwig, 1973). Included in the 
pedigrees of the 30 milestone cultivars are the 12 major ancestors of soybean 
germplasm. All 42 lines (ancestors and milestone cultivars), represent a select 
group of genotypes chosen for RFLP analysis. Many of these 30 cultivars were 
parents of subsequently released cultivars. The addition of other breeding lines 
and cultivars involved in the pedigrees of the 30 milestone cultivars, plus a few 
other cultivars released in the 1980s and early 1990s, brought the number of 
evaluated genotypes to 64. These genotypes represent over 70 years of soybean 
breeding effort. Seed was kindly provided by R. Nelson (curator of the Soybean 
Germplasm Collection), K. Matson, T. Carter, T. Kilen, J. Lorenzen, G. Buss, and J. 
Burton. G. Buss, J. Lorenzen, K. Matson, and A. Nickell also kindly provided 
pedigree information. 
RFLP Probe Analysis 
The DNA from the 64 soybean genotypes were digested with five restriction 
endonucleases, Dra I, EcoR I, EcoR V, Hind III and Taq I. One hundred ninety eight 
genomic DNA probes were screened against these genotypes, using 
probe/enzyme combinations that were identical to those used in the preparation of 
the USDA-ARS:RFLP map (Shoemaker and Olson, 1993). Only the mapped 
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polymorphic fragment was scored in each cultivar. A locus was considered to be 
polymorphic if at least one genotype had a mapped fragment that differed from the 
remaining genotypes. Extraction of DNA, restriction endonuclease digestions, 
electrophoresis, Southern Transfer, and DNA hybridizations were performed as 
described previously (Keim et al. 1990). 
The relative value of an RFLP locus with respect to the amount of 
polymorphism it exhibits in homozygous progeny from self fertilizing species was 
called gene diversity by Weir, (1990). The following calculation is used to 
determine the gene diversity between two RFLP loci: 
Gene Diversity = 1 - £ Pjj2 
This equation was derived from the simplification of the equation used to estimate 
heterozygosity by Nei (1987), and the polymorphism information content (PIC) 
used by Botstein et al. (1980). Anderson et al. (1993) used the same equation 
reported here, and called it PIC. Finally, Keim et al. (1992) used a similar 
polymorphism index to determine the relative usefulness of probes. Because it is 
not known if an RFLP locus detected by a random genomic clone truly represents a 
gene or not, gene diversity will be referred to as locus diversity in the following 
discussion. 
RFLP Allele Assignment 
For pedigree mapping purposes, the DNA fragments at a locus must be 
given an allelic designation. Therefore, for any given locus, the DNA fragment 
found to be the most common among the 64 genotypes was designated the "a" 
allele, with the second, third, and fourth most common fragments designated the 
"b", "c", and "d" alleles, respectively. No more than four alleles were detected at 
any locus. These allele designations are specific for this set of genotypes, and do 
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not necessarily represent the frequency of these alleles among all modern 
cultivars. For graphical presentations, these RFLP alleles were coded with the "a" 
allele black, the "b" allele dark gray, the "c" allele light gray, and missing data left 
blank (white). The "d" allele is not presented graphically in this analysis. Graphical 
genotypes were created using Supergene™, a Macintosh software application 
(Boutin et al. 1994). 
Parental Genomic Contribution Analysis 
The parental genomic contributions for each of 21 cultivars was computed 
by determining, for each locus, which parental allele was contributed to the 
progeny cultivar. Then, the number of progeny loci containing an allele contributed 
by a parent was divided by the total number of polymorphic parental loci. Parental 
genomic contributions were reported only for the 26 cultivars in which RFLP 
information was available for both immediate parents. 
Pedigree-based Mapping Analysis 
For several qualitatively inherited traits, phenotypic data were available for 
the cultivars. Thus, pedigree-based mapping of these traits could be performed by 
examining the cosegregational descent of a molecular allele with a given 
phenotype. In the ancestral generation, there were potentially four combinations of 
the "a" and "b" alleles of a marker locus with the "X" and "Y" phenotypes of the trait. 
In the absence of linkage, the probability of a specific allele/phenotype combination 
passing intact from parent to progeny is 0.5. If a cultivar could not have received 
both the allele and the phenotype from the same parent, a recombination event 
was inferred. A marker locus with no, or significantly fewer than expected, 
recombination events was presumed to be linked to that trait. 
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RESULTS AND DISCUSSION 
Diversity Analysis 
Thirty of the 64 genotypes examined in this study represent breeding lines or 
important cultivars released between the years 1939 and 1991 (Table 1). An effort 
was made to obtain all of the lines involved in the pedigree of each cultivar (Allen 
and Bhardwaj, 1987; Bernard et al. 1988). These cultivars can be traced back to 
just 19 ancestral lines, four of which are estimated to account for half of the 
germplasm present in the 43 derived cultivars and breeding lines (Table 2). The 
top twelve ancestral lines in Table 2 account for 88% of the germplasm in Table 1, 
indicating that our 43 genotypes are representative of the broader array of 
available elite soybean germplasm (Specht and Williams, 1984). The pedigree 
relationships of these cultivars can be seen in Figure 1. Seed was not available for 
two ancestral lines, Strain #171 and the Rogue in Pi81041. The cultivars 
'Harosoy', 'Lincoln', and 'CNS' appear twice in Figure 1 because of their 
involvement in several diverse crosses. 
The 64 genotypes were screened with 198 RFLP probes capable of 
detecting 217 loci (Figure 2). One-hundred-twenty (56%) of the 217 tested loci 
were monomorphic among all 64 genotypes even though these loci were 
polymorphic in the cross used to generate the USDA-ARS;RFLP molecular map 
(Figure 2). Skorupska et al. (1993) reported a similar 54% monomorphic loci when 
testing 86 loci among 108 genotypes. The USDA-ARS:RFLP molecular map used 
in this study and by Skorupska et al. (1993) was created using an interspecies 
cross between Glycine max and Glycine soja germplasm (Shoemaker and Olson, 
1993). Therefore, loci that were monomorphic in our elite soybean lines possibly 
represent regions where Glycine max and Glycine soja have diverged. 
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Ninety-five of the screened loci (44%) detected a polymorphism among the 
reported genotypes (Figure 2). A locus was defined as polymorphic when one or 
more genotypes differed. Only two alleles were detected at 89 of the 95 loci (94%). 
Three alleles were detected at seven loci, K300 (linkage group "C"), L148 (linkage 
group "C"), A691 (linkage group "D"), B212 (linkage group "F"), B216 (linkage 
group "G"), K007 (linkage group "H"), and A071-1 (linkage group "N"). At one 
locus, B166 (linkage group "J"), four alleles were detected. Ancestral genotypes 
representing almost 90% of the germplasm present in modern cultivars were 
included in this RFLP analysis (Specht and Williams, 1984). Therefore, the probes 
detecting these 95 polymorphic loci constitute a "core" set of probes, useful for any 
RFLP mapping or fingerprinting experiment using elite lines (Figure 2). 
Data presented in table 3 shows that, within the core set, some loci have a 
higher probability of detecting a polymorphism in a given cross. Locus diversity 
scores are given for the 95 loci that comprise the "core" set (Table 3). The 
maximum locus diversity score for a locus with two alleles is 0.50, and 0.67 for a 
locus with three alleles. The larger the locus diversity score, the greater the 
probability that the locus will be polymorphic between any two soybean cultivars. A 
histogram of the locus diversity scores is presented in Figure 3. Sixty-seven of the 
95 "core" loci had locus diversity values equal to or greater than 0.3, and the 
authors recommend these loci be selected first in screening efforts. 
In screening these germplasm sources, an effort was made to obtain 
coverage of every linkage group. However, linkage groups did not show equal 
probabilities of detecting polymorphisms (Table 4). Linkage group "G" showed the 
greatest frequency of polymorphic loci, with 12 out of 15 tested loci (80%) being 
polymorphic. In contrast, for linkage group "1", only two out of eight loci (25%) were 
polymorphic. Even less polymorphism was found in linkage group "O", where only 
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one locus was polymorphic among the six examined (16.7%). No polymorphic loci 
were detected on linkage groups "P", "Q", "R", "U", and "V". The latter four of these 
linkage groups were very small and contained only one to three tested loci. 
Skorupska et al. (1993) also reported that linkage group "G" was "predominately 
polymorphic", and that linkage groups "O" and "1" were monomorphic, or "contained 
large monomorphic segments", respectively. 
Confirmation of Reported Pedigrees 
Our RFLP analysis confirmed the earlier findings that Mandarin x Manchu is 
an erroneous pedigree for the cultivar Lincoln (Grabau et al. 1989, Doong and 
Kiang, 1987). Analysis of 97 loci in Lincoln revealed 21 alleles that were not 
present in either Mandarin or Manchu. The reported parentage of 'Ogden', Tokyo' 
X PI54610, also could also not be supported by our RFLP analysis. PI54610 is 
maintained in the germplasm collections as separate selections (PI54610-1, 
PI54610-4, etc.). Two selections from PI54610 were analyzed in our study. 
Assuming Tokyo was one parent, neither 'PI54610-1' or 'PI54610-4' could be the 
other parent of Ogden based on our molecular data. There were nine alleles 
present in Ogden that were not in Tokyo or PI54610-1, and ten alleles in Ogden 
that were not present in Tokyo or PI54610-4. The locations of these alleles were 
scattered across the linkage groups. Seed was not available for any additional 
selections from PI54610 at the time of this analysis, and it is possible that one of the 
other selections, now apparently lost, was the true male parent of Ogden. Because 
of their dubious pedigrees, Lincoln and Ogden were subsequently treated as 
ancestral lines. 
The pedigrees of Pagoda and Acme are also questionable. Bernard et al. 
(1988) reported that Acme was a selection from Pagoda, which in turn originated 
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from Manitoba Brown x Mandarin. Carter (1993) later reported that Pagoda was 
likely a progeny of Manitoba Brown x Mandarin Ottawa (instead of Mandarin), 
because Pagoda was developed at the same location where Mandarin Ottawa was 
selected from Mandarin. RFLP analysis of approximately sixty loci revealed that 
four alleles present In Pagoda were not in either Manitoba Brown or Mandarin, 
and that three alleles were not in Manitoba Brown or Mandarin Ottawa. These 
allelic inconsistencies might be due to mutation or an outcross event during or after 
the development of Pagoda, or may indicate that neither of these two combinations 
were the true parents of Pagoda. In contrast, the allelic composition of Acme is 
completely consistent with a parental combination of Manitoba Brown and 
Mandarin Ottawa, and there is only one allele present in Acme that is not present in 
the combination of Manitoba Brown and Mandarin. We have elected to treat 
Pagoda and Acme as progeny of Manitoba Brown and Mandarin Ottawa in the rest 
of this publication. 
Among the remaining 43 cultivars and breeding lines in this study, the 
reported pedigree was only rarely inconsistent with the expected allelic status, and 
the few inconsistencies were limited to one locus. One inconsistent locus was not 
unreasonable since mutations, heterozygous parental loci, or experimental error 
may be the explanation. In any event, our studies indicate that molecular marker 
analysis can be used to confirm (or refute) the validity of pedigree information. 
Parental Contributions to Progeny Genomes 
A cultivar derived from a single cross is expected to receive half of its 
nuclear genetic information from its female parent, and half from its male parent. 
Consider, for example, 100 marker loci. Based on a Chi Square analysis (a = 
0.05) the number of each parent's alleles in a cultivar would only rarely be 
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expected to exceed a ratio of 59:41 (60:40 is significantly different). Keim et al. 
(1990) demonstrated that, with a population size of 60, only two of the F2 progeny 
exceeded the critical ratio, based on 150 molecular markers. A molecular marker 
analysis of the parental allelic contribution to 26 derived cultivars using 15 to 47 
RFLP loci, revealed parental allele ratios in 13 of the 26 cultivars differed 
significantly from the expected values (Table 5). Only cultivars in which RFLP data 
were available for both immediate parents were analyzed. The parental allele 
ratios of four cultivars, 'A2943', 'Century', 'Hark', and 'Hawkeye' were significant at 
a = 0.05. Those of the three cultivars, 'Amsoy', 'Evans', and 'York' were significant 
at a = 0.01, and those of the five cultivars, 'Adams', 'Adelphia', 'B216', 'Blackhawk', 
and 'Lee', were significant at a = 0.001. In fact, these latter five cultivars had 
parental allele ratios more indicative of a cultivar derived from a single backcross 
(75% : 25%), than a single cross. Of the five cultivars that did have a single 
backcross pedigree, the parental allele ratio of 'Shelby' deviated significantly from 
the expected ratio. Shelby, in fact, had a parental ratio of 52% Lincoln : 48% 
Richland, a ratio more indicative of a single cross than a backcross (Table 5). 
The cross of Lincoln^ x Richland generated four cultivars, 'Chippewa', 
'Clark', 'Ford', and Shelby. The development of these cultivars was independent, 
except that Clark and Shelby trace to a single S3 plant after the backcross (Carter 
et al. 1993). Based on this, it might be expected that Clark and Shelby would be 
the most closely related of these four "sister" cultivars. In fact, they appear to be 
different, with Clark, Ford, and Chippewa receiving 68, 72, and 78% of their nuclear 
genomes from Lincoln, and Shelby only receiving 52% from Lincoln (Table 5). 
St. Martin (1982) predicted that approximately 88% of the cultivars derived 
from a single cross breeding program should receive between 40% and 60% of 
their genetic information from one parent. Even with intense selection, it was 
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unlikely that a cultiver would receive as much as 70% of its genetic material from 
one parent (St. Martin, 1980). Our results contradict that prediction, as only 54% of 
the cultivars derived from single cross breeding programs received between 40 
and 60% of their genetic information from one parent. A comparison of coefficient 
of parentage values and the observed proportion of genome contribution was 
made in Figure 4. While most of the coefficient of parentage values were close to 
0.5, the observed RFLP contributions ranged from 0.3 to 0.7 for single cross 
progeny. The data points for single backcross progeny have been shaded, and 
also show a spread around the coefficient of parentage values (Figure 4). 
The observed deviations from expected parental allele ratios are probably 
due to the fact that the cultivars are not random selections from a cross, but are 
instead the products of selection for traits of agronomic interest. Many of the 
agronomically important traits may have several combinations of favorable alleles 
contributed by both parents that can result in the desired phenotype. Also, a region 
of parental DNA that is superior in one parental combination, may be inferior in 
another parental combination (deVincente and Tanksley, 1993), thus shifting the 
amount (or genomic region) of "superior" DNA a parent has to contribute to the 
progeny. 
Pedigree Tracing 
Pedigree analysis with molecular markers not only provides data on the 
percentage of a genome contributed by a parent, but also permits the tracking of 
chromosomal segments, or linkage groups, from each parent to its progeny 
(Shoemaker et al. 1992). The pedigree of Harkis an example of this utility. Hark 
and its male parent Harosoy, have been involved in the pedigrees of several 
agronomically important cultivars. Harosoy, along with Hawkeye, Lee, and Clark, 
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were responsible for 55% of the soybean acreage in the United States in 1957 
and, with the addition of Chippewa, represented 67% of United States acreage in 
1967 (Hartwig, 1973). 
Figure 5 illustrates the "molecular" pedigree of Hark (18 linkage groups are 
depicted). Locus names and positions have been left out of this figure for 
readability, but can be determined, if desired, from Figure 2. Thirty-one of ninety-
four loci evaluated in Hark had alleles traceable to one or the other of its immediate 
parents, Hawkeye (K) or Harosoy (H). Hawkeye, in turn, had 25 loci with alleles 
that could be traced to its parents, 'Mukden' (M) or Richland (R). Likewise, Harosoy 
had 47 loci with alleles that could be traced to its parents, 'AK Harrow' (A) or 
Mandarin Ottawa (O). Characters to the left of the linkage groups in Figure 5 
indicate the parental source of each informative locus. It is important to note that a 
molecular-based pedigree analysis is not always informative in all chromosomal 
regions. For example, on linkage group "A" the parents of Hark had only one 
informative marker, which limited the informativeness to the region at and near the 
marker. Alternately, several linkage groups were very informative in this pedigree. 
Linkage group "G" of Hark had six informative markers, which permitted fairly 
precise conclusions as to the parental and ancestral origins of this linkage group. 
Our analysis indicated that only 39% of the 31 informative loci in Hark came 
from Hawkeye (Table 5). The Hawkeye alleles were found at the "K" loci in the 
Hark genome depicted in Figure 5. Harosoy alleles occur at 61% of the tested loci 
in Hark (Table 5), and its alleles were found at the "H" loci in the Hark genome 
depicted in Figure 5. In the Hark genome, 16 linkage groups had at least one 
informative locus. Linkage groups "S" and "W" were uninformative. 
Hawkeye, the female parent of Hark, is the result of a cross between Mukden 
and Richland. Of the 26 loci evaluated in Hawkeye, 68% of the alleles were 
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derived from Mukden (Table 5). The locations of the Mukden and Richland 
markers in the genome of Hawkeye are evident in Figure 5. Harosoy, the male 
parent of Hark, is the result of a single backcross of Mandarin Ottawa X AK Harrow. 
The alleles of Mandarin Ottawa were present at 68% of the 47 loci evaluated in 
Harosoy (Table 5). The large number (47) of parental contrasts in this mating was 
advantageous in the assignment of Harosoy's genomic segment to their parental 
source. In some instances an allele can be tracked from progeny to a grandparent. 
For example, the Hark genome has Hawkeye and Harosoy markers in linkage 
group "B" that are, in effect, traceable to Richland and Mandarin Ottawa, 
respectively (Figure 5). 
The ability to follow chromosomal regions from parent to progeny was 
demonstrated above. In many instances, it is also possible to trace these regions 
from an ancestor to a modern descendant (or vice-versa). This was evident in the 
two-generation pedigree of Figure 5. It is also possible to trace alleles in multi-
generation pedigrees. In Figure 6, we have traced the descent of alleles at four 
loci: R013-1 of linkage group "E", B032-2 of linkage group "K", 8162-1 of linkage 
group "N", and A481 of linkage group "W" (Figure 4). At loci 8032-2, 8162-1, and 
A481, Mandarin Ottawa is the only ancestor in this study to contain the "b" allele, 
and at locus, R013-1, only Mandarin Ottawa, Patoka, and CNS contained the "b" 
allele. With one exception, all of the non-ancestral lines in this study which contain 
the "b" allele at any of these four loci, received that allele from Mandarin Ottawa 
either directly or indirectly, suggesting that the "b" alleles are linked to some 
desirable genetic factor. The exception is 'Wayne', which received R013-1-b from 
CNS. Wayne did not pass this locus to any other cultivar, nor did the ancestor 
Patoka. (Figure 6). 
In FT1950, R013-b can be traced back six generations (Figure 6). Mandarin 
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Ottawa was released in 1934, and FT1950 in 1991, meaning that region R013-1-b 
can be followed through 57 years of cultivar development, from a 
greatgreatgreatgreatgrandparent to progeny cultivar (Figure 6). The probability of 
this occurring by chance alone was 0.023. No other cultivar evaluated in this study 
had as many as six generations in its pedigree. 
The presence of the "b" alleles of R013-1, B032-2, and B162-1 in Harosoy, 
Amsoy, Bonus, and Century represent the passage of all three regions through four 
generations (Figure 6). The probability of Mandarin Ottawa contributing the "b" 
allele at all three loci to Harosoy was 0.42 (0.753). The probability of Amsoy (and 
CI253) receiving all three of the "b" alleles was 0.05 (0.373). The probability of 
Bonus receiving all three of the "b" alleles was between 0.05 and 0.007. These 
estimates are based on the assumption that : 1) C1266R contained the "b" allele at 
all three loci, or 2) C1266R contained the "a" allele at all three loci. The probability 
of Century receiving all three "b" alleles was between 0.013 and 0.003, again 
depending on the genetic makeup of C1266R. 
It should be kept in mind that the 12 or so ancestors were the source of 
alleles found in nearly all modern soybean cultivars. Soybean RFLP markers are 
predominantly able to distinguish only two alleles at a locus, making the tracking of 
a particular allele ambiguously difficult after only a generation or two (Figure 5). 
The use of SSR's (Simple Sequence Repeats) may alleviate this problem, 
because multiple alleles are detected (Cregan et al. 1994). The fact that R013 1-b, 
B032-b, and B162-2-b can trace back to a single ancestor is remarkable (Figure 6). 
These four alleles were rare in the ancestral population, and could easily have 
been lost as a result of genetic drift. Instead, three of the four alleles passed 
through multiple generations of breeding and selection which suggests that they 
may be linked to some trait or character that breeders favored. 
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Pedigree-Based Mapping 
It is useful to be able to determine which regions of the chromosomes were 
derived from a particular parent, but ultimately, that information is even more useful 
when a favorable phenotype can be associated with a chromosomal region. A 
popular approach for mapping traits is through linkage analysis, whether the traits 
are qualitative or quantitative in nature. For example, Diers et al. (1992) reported 
linkage of a qualitative trait, Phytophthora resistance (Rps1 gene), with RFLP loci 
A071-1, K418-1, and A280, all of which are on linkage group "N" of the USDA-
ARS:RFLP molecular map. In addition to Rps1, Diers et al. (1992) was able to map 
four other Rfx resistance genes and one gene controlling nodulation, through the 
use of segregating populations derived from crosses between near isogenic lines. 
The mapping was accomplished by observing the cosegregation of an RFLP allele 
with an Rps resistance allele. Muehlbauer et al. (1988) first proposed using NIL'S 
to map qualitative traits, and has subsequently shown cosegration of RFLP alleles 
with two genes, R and Lf1 (Muehlbauer et al. 1989; Muehlbauer et al. 1991). We 
present here another inferentially based approach; the cosegregation of 
phenotypic traits and DNA markers by pedigree analysis. 
The phenotype and the RFLP locus segregate together, and the initial 
allele/phenotype combination depends on the soybean ancestral line. There are 
four possible marker allele : trait phenotype ancestral combinations, "a" allele with 
"X" phenotype, "a" allele with "Y" phenotype, "b" allele with "X" phenotype, and "b" 
allele with "Y" phenotype. These combinations are passed, intact, from ancestor to 
derived cultivar. If a cultivar could not have received both the allele and phenotype 
from the same parent (ancestor) it was determined to be a recombinant cultivar, 
receiving the phenotype from one parent, and the linked RFLP allele from the other 
parent. The only informative crosses are those in which the two parents differ in 
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both the RFLP allele and phenotype being assessed. 
The association of a qualitative trait and a DNA marker was first observed in 
the cross of Lincoln^ x Richland, which resulted in the cultivars, Chippewa, Clark, 
Ford, and Shelby. Lincoln and Richland differed in seed coat luster, with Lincoln 
being shiny, and Richland being dull. This trait is known to be controlled by the 87, 
82, and/or 83 locus. Because it was not known which of these loci are segregating 
in this study, the locus was simply referred to as "8". At the RFLP locus A963, 
located on linkage group "E", Lincoln, Chippewa, and Ford had the A963-b allele 
and a shiny phenotype, while Richland, Clark, and Shelby had the A963-a allele 
and a dull phenotype. Within the pedigree presented in Figure 2, twelve single 
crosses were made between parents with contrasting alleles at the A963 locus, 
and contrasting phenotypes (Table 6). Six of the resulting progeny showed the 
parental type, A963-a and a dull phenotype, and six showed the alternate parental 
type, A963-b and a shiny phenotype (Table 6). No recombinant cultivars were 
observed. If the A963 locus and the seed coat luster phenotype were independent, 
half of the progeny would be expected to show a recombination event between the 
two. Tight linkage Is suggested by the observation of no recombinant cultivars, and 
was significant at a = 0.001 in a Chi-square analysis. 
When analyzing the Dfl locus, which controls stem termination type, 
pedigree analysis revealed five single crosses in which the parents had contrasting 
phenotypes and A461 alleles. All five progeny, A3127, Dorman, Kent, Lee, and 
Hobbit, showed parental phenotype/allele combinations (Table 6). No 
recombinant cultivars were observed. This was significant at a = 0.05 in a Chi-
square analysis. Subsequent analysis has shown that the A461 locus is linked to 
the DM locus, at a distance of 1 centimorgan (Shoemaker and Specht, 1994). 
When analyzing the T locus, which determines pubescence color, pedigree 
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analysis revealed thirteen crosses in which the parents had contrasting 
phenotypes and A635 alleles. Ten of the resulting cultivars showed parental 
phenotype/allele combinations, and three showed recombinant phenotype/allele 
combinations (Table 6). This was not significant in a Chi-square analysis of 
independence. The calculated chi-square value was 3.77, and a value of 3.84 was 
needed for significance at a = 0.05. Subsequent segregation analysis has shown 
that the A635 locus is linked to the 7 locus at a distance of 12.5 centimorgans 
(Shoemaker and Specht, 1994). Interestingly, a chi-square test to determine if the 
ratio 10 parental types : 3 recombinant types differed from the expected ratio for 
markers linked at a distance of 12.5 cM, was not significant. The fact that the Chi-
square test was not able to discern the difference between independence and 
linkage at 12.5 cM, in the analysis of the cosegration of A635 and T, suggests that 
routine statistical analysis tests lack the sensitivity needed to work with the 
"population" sizes available in a soybean pedigree analyses such as the one used 
in this study. The population genetics theory which can be applied to the breeding 
history of soybean development is very limited, and leaves many observations 
without a statistical basis (Cox et al. 1985). Therefore, the usefulness of pedigree-
based mapping, at this time, is limited to the identification of putative linkages, and 
confirmation with a segregating population is recommended. However, as the 
database of cultivars which have been typed by RFLP analysis grows, these 
putative linkages could be useful in determining cross strategies, as well as limiting 
the amount of RFLP work that is necessary in the segregating population. 
Summary 
The usefulness of analyzing pedigrees with RFLP's was documented in this 
paper. A core set of 95 RFLP markers have been identified which has more 
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potential for uncovering polymorphic loci in elite germplasm than previously 
mapped RFLP markers chosen at random. Molecular marker based pedigree 
analysis revealed that the observed percentage of DNA contributed from parent to 
offspring frequently differed statistically from the expected value. These deviations 
indicate that selection can skew the estimates of genetic relatedness. Because 
estimates of genetic relatedness are used by breeders in parental choice and 
mating designs, molecular markers might be useful in generating more precise 
estimates. Additionally, the ability to follow regions of chromosomes from parent to 
offspring, through multiple generations should provide a greater understanding of 
what transpired at the molecular level during the breeding of cultivars over the last 
55 years. The ability to retrospectively evaluate the genomic regions selected for 
or against by soybean breeders may provide insight into the genetic mechanisms 
by which soybean breeders are affecting genetic gain. 
Note on the Availability of Data 
RFLP genotype information concerning the 64 soybean lines in this study is 
available by anonymous ftp from mendel.agron.iastate.edu (IP address: 
129.186.20.43) in the pub/graphicalgenotype directory. This information includes 
graphical genotypes for 64 ancestral lines, breeding lines, and released cultivars. 
In total, approximately 14,000 data points are available (Appendix A). In addition, 
the data table used to generate the graphical genotypes in Supergene™ is 
available (Appendix B). Graphical genotypes are viewable via the Soybase 
gopher server, and Soybase, the soybean genome database. A copy of this 
information has been provided to the National Agriculture Library for public 
distribution in electronic format. Please contact the author for further assistance in 
obtaining or viewing the data. 
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Table 1. A list of the 43 cultivars and breeding lines, their respecitve pedigrees, 
and their year of release. These cultivars, and their parents, were subjected to a 
molecular marker analysis. See Table 2 for ancestral parents. 
Cultivar Pedigree Year Cultivar Pedigree Year 
Released Released 
Pagoda Manitoba Brown X 1939 York Dorman X Hood 1967 
Mandarin Ottawa 
Capital St. 17ltXAK 1944 Beeson C1253tXKent 1968 
Haaow 
Hawkeye Mukden X 1947 Calland (Blackhawk X 1968 
Richland Harosoy) XKent 
Adams mini X Dunfleld 1948 Ransom (N55-5931t X N55- 1970 
3818t)X D56-1185t 
Blackhawk Mukden X 1949 Bonus (Blackhawk X 1971 
Richland Harosoy) X (Harosoy 
X (Lincoln X Ogden)] 
Harosoy Mandarin Ottawa^ 1951 Willams Wayne X (Clark X 1971 
X AK Harrow Adams) 
Dorman Dunfleld X Arksoy 1952 Essex Lee X (Perry X 1972 
291 at (Ogden X CNS)] 
Perry Patoka X Rogue In 
Q|A4 fXA 4 t 
1952 Evans Merit X Harosoy 1974 
Clark 
rlo104i» 
Lincoln^ X 1953 McCall (Acme X Chippewa) X 1978 
Richland Hark 
Acme Manitoba Brown X 1953 Peila Calland X (Wayne X 1979 
Mandarin Ottawa (Clark X Adams)] 
Chippewa Lincoln^ X 1954 Century Calland X Bonus 1979 
Richland 
Lee CNSXS100 1954 Hobblt Williams X Ransom 1981 
Ford Lincoln^ X 1958 BSR201 ((Clark X Chippewa) X 1982 
Richland Beeson] X B216 
Shelby Lincoln^ X 1958 Hutcheson (York XPI71506) X 1987 
Richland Essex 
Hood N45-2994 X 1958 FT1950 BSR201 X A2943 1991 
Roanoke 
Merit Capiat X 1959 A1564 Hark X CI 453 
Blackhawk 
Kent Lincoln X Ogden 1961 A2943 A1564X A3127 
Adelphia (Lincoln X Ogden) 1964 A3127 Williams X Essex 
X Adams 
Wayne I(CNS X Lincoln) X 1964 Breeding 
(Lincoln X Lines 
Richland)] X Clark 
Amsoy Adams X Harosoy 1965 B216 Corsoy X Wayne 
Hark Hawkeye X 1966 N44-92 Ogden X Haberlandt 
Harosoy 
Corsoy Capital X Harosoy 1967 N45-2994 Ralsoy X Ogden 
t Seed was not available for this cultivar or breeding line 
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Table 2. A list of the ancestral genotypes, their 
year of release, and the relative amount of their 
germplasm represented in the cultivars and 
breeding lines listed in Table 1. 
Ancestor Year of Percent of 
Introduction Germplasm 
Lincoln 1943 19.0 
Mandarin Ottawa 1934 13.6 
Richland 1938 11.0 
Ogden 1940 8.3 
AK Harrow 1939 6.6 
Mukden 1921 6.5 
CNS 1927 5.2 
Dunfield 1913 5.0 
St. #17lt 3.5 
mini 1921 3.2 
S100 1945 3.2 
Roanoke 1946 3.1 
Manitoba Brown 1939 2.6 
Patoka 1940 2.3 
Rogue in PI8104lt 2.2 
Arksoy 2913t 1937 1.6 
Ralsoyt 1940 1.6 
Haberlandt 1907 1.2 
Mandarin 1920 
PI71506 <1.0 
PI54610-1 
PI54610-4 
Tokyo 1907 
t Seed was not available for this ancestral genotype 
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Table 3. Frequencies of the alleles at 95 loci which make up the 
"core" set are shown. A locus diversity score is also given for each locus, 
representing its apparent usefulness in detecting a polymorphism between two 
soybean cultivars. 
Locus "a" "b" "c" Locus Locus "a" "b" "c" Locus 
allele allele allele diversity allele allele allele diversity 
A006 0.77 0.23 0.35 A708 0.64 0.36 0.46 
A023 0.63 0.37 0.47 A806 0.79 0.21 0.33 
A036 0.96 0.04 0.08 A816 0.85 0.15 0.26 
A060 0.72 0.28 0.40 A847 0.52 0.48 0.50 
A063 0.83 0.17 0.28 A858 0.79 0.21 0.33 
A064 0.66 0.34 0.45 A882 0.52 0.48 0.50 
A071-1 0.66 0.20 0.14 0.50 A890 0.89 0.11 0.20 
A085 0.54 0.46 0.50 A946-1 0.98 0.02 0.04 
A086 0.76 0.24 0.36 A946-2 0.92 0.08 0.15 
A095 0.72 0.28 0.40 A963 0.72 0.28 0.40 
A102 0.90 0.10 0.18 B030 0.60 0.40 0.48 
A112 0.81 0.19 0.31 8032-1 0.95 0.05 0.10 
A118 0.92 0.08 0.15 B032-2 0.78 0.22 0.34 
A124 0.85 0.15 0.26 B039 0.72 0.28 0.40 
A130 0.68 0.32 0.44 8122 0.55 0.45 0.50 
A170 0.75 0.25 0.38 8162-1 0.83 0.17 0.28 
A186 0.89 0.11 0.20 8164 0.67 0.33 0.44 
A199-1 0.89 0.11 0.20 8166 0.81 0.10 0.09 0.33 
A199-2 0.54 0.46 0.50 8212 0.45 0.31 0.24 0.64 
A233 0.55 0.45 0.50 8216 0.77 0.21 0.02 0.36 
A235-1 0.56 0.44 0.49 K002 0,67 0.33 0.44 
A235-2 0.61 0.39 0.48 K003 0.72 0.28 0.40 
A257 0.66 0.34 0.45 K007 0.46 0.46 0.08 0.57 
A280 0.80 0.20 0.32 KOI 4-1 0.98 0.02 0.04 
A333 0.93 0.07 0.13 K014-2 0.55 0.45 0.50 
A374 0.95 0.05 0.10 K069-1 0.86 0.14 0.24 
A378 0.73 0.27 0.39 K070 0.95 0.05 0.10 
A381 0.74 0.26 0.38 K250 0.57 0.43 0.49 
A397 0.81 0.19 0.31 K300 0.76 0.21 0.03 0.38 
A398 0.81 0.19 0.31 K385 0.64 0.36 0.46 
A401 0.61 0.39 0.48 K387 0.67 0.33 0.44 
A426-1 0.59 0.41 0.48 K411 0.86 0.14 0.24 
A426-3 0.74 0.26 0.38 K417-3 0.6 0.4 0.48 
A461 0.60 0.40 0.48 K418-1 0.85 0.15 0.26 
A463 0.74 0.26 0.38 K455 0.77 0.23 0.35 
A481 0.97 0.03 0.06 K493 0.84 0.16 0.27 
A487 0.81 0.19 0.31 K494-1 0.70 0.30 0.42 
A505 0.66 0.34 0.45 K636 0.88 0.12 0.21 
A519-1 0.64 0.36 0.46 LI 48 0.53 0.32 0.15 0.59 
A520 0.97 0.03 0.06 L161 0.73 0.27 0.39 
A586 0.63 0.37 0.47 P029 0.84 0.16 0.27 
A587 0.83 0.17 0.28 R013-1 0.75 0.25 0.38 
A593 0.75 0.25 0.38 R013-2 0.86 0.14 0.24 
A635 0.54 0.46 0.50 R017 0.82 0.18 0.30 
A668 0.79 0.21 0.33 R183 0,57 0.43 0.49 
A681 0.69 0.31 0.43 T036 0.72 0.28 0.40 
A691 0.66 0.31 0.03 0.47 T092 0.57 0.43 0.49 
A702 0.53 0.47 0.50 
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Table 4. Number of loci tested and 
the percentage of these loci that 
were polymorphic for each linkage 
Linkage No. of Percentageof 
Group Loci Polymorphic 
Tested Loci 
A 28 29 
B 23 35 
C 20 50 
D 16 56 
E 11 36 
F 12 67 
G 15 80 
H 12 50 
1 8 25 
J 11 55 
K 13 31 
L 9 44 
M 10 40 
N 7 71 
0 6 17 
P 5 0 
Q 1 0 
R 2 0 
S 1 100 
U 1 0 
V 2 0 
W 2 50 
X 1 100 
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Table 5. The observed percentage of the genome contributed to cultivars by its 
immediate two parents, are compared to the expected. The number to the left of 
the cultivar name refers to the cultivars designation in Figures 
Cultivar # Loci % Female % Male X2 p-value 
Parent Parent 
Sinale Cross! 
1 A2943 38 39 A1564 61 A3127 4.84 0.05* 
2 A3127 27 48 Williams 52 Essex 0.16 0.70 
3 Acme 30 53 M. Brown 47 Mandarin 0.36 0.70 
4 Adams 22 68 mini 32 Dunfield 12.96 0.001*** 
5 Adelphia 23 69 Kent 31 Adams 14.44 0.001*** 
6 Amsoy 38 34 Adams 66 Harosoy 10.24 0.01** 
7 B216 47 30 Corsoy 70 Wayne 16.00 0.001*** 
8 Blackhawk 26 69 Mukden 31 Richland 14.44 0.001*** 
9 Century 15 60 Calland 40 Bonus 4.00 0.05* 
10 Corsoy 23 57 Harosoy 43 Capital 1.96 0.20 
11 Evans 19 63 Merit 37 Harosoy 6.76 0.01** 
12 FT1950 24 54 BSR201 46 A2943 0.64 0.50 
13 Hark 31 39 Hawkeye 61 Harosoy 4.84 0.05* 
14 Hawkeye 26 62 Mukden 38 Richland 5.76 0.05* 
15 Hobbit 35 43 Williams 57 Ransom 1.96 0.20 
16 Kent 32 47 Lincoln 53 Ogden 0.36 0.70 
17 Lee 39 74 SI 00 26 CNS 23.04 0.001*** 
18 Merit 39 56 Blackhawk 44 Capital 1.44 0.30 
19 N44-92 29 41 Haberlandt 59 Ogden 3.24 0.10 
20 Pagoda 31 52 M. Brown 48 Mandarin 0.16 0.70 
21 York 
One Backcrossi 
38 66 Dorman 34 Hood 10.24 0.01* 
22 Chippewa 32 78 Lincoln 22 Richland 0.48 0.50 
23 Clark 31 68 Lincoln 32 Richland 2.61 0.20 
24 Ford 32 72 Lincoln 28 Richland 0.48 0.50 
25 Shelby 29 52 Lincoln 48 Richland 28.21 0.001*** 
26 Harosoy 47 68 M.Ottawa 32 AK Harrow 2.61 0.20 
t 50% female parent : 50%male parent ratio expected 
t 75% female parent : 75% male parent ratio expected 
* significant at a = 0.05 
** significant at a = 0.01 
*** significant at a = 0.001 
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Table 6. Pedigree-based mapping of seed coat luster, stem termination 
type, and pubescence type. Columns on the outside and inside 
represent parental and recombinant progeny, respectively. 
Parent 1 Parent 2 
A963-a, Dull 
Seed coat luster 
A963-a, Dull A963-a, Shiny 
Clark 
Shelby 
Harosoy 
Hawkeye 
Kent 
Merit 
X 
I 
A963-b, Shiny 
Seed coat luster 
A963-b, Dull A963-b, Shiny 
Adelphia 
Amsoy 
Blackhawk 
Chippewa 
Ford 
Beeson 
A461-a, A461-b, 
Indeterminate ^ Determinate 
Stem termination A Stem termination 
A461-a, 
Indeterminate 
A3127 
Kent 
A461-a, 
Determinate I A461-b, Indeterminate 461-b, Determinate 
Dorman 
Lee 
Hobbit 
A635-a, Gray 
Pubescence 
A635-a, Gray A635-a, Tawny 
8216 
A2943 
McCall 
Corsoy 
Merit 
X 
i 
A635-b, Tawny 
Pubescence 
A635b, Gray 
Beeson 
A635-b, Tawny 
Chippewa 
Clark 
Ford 
Shelby 
Calland 
A635-b, Gray 
Pubescence 
A635-b, Gray A635-b, Tawny 
Lee 
1 
A635-a, Tawny 
Pubescence 
A635-a, Gray A635-a, Tawny 
Hood 
LMCOLN OUNI ARKSOY RCHLANI ROANOK CMS SI 00 HARROW BROWN 
CLARI HAftOSOYllPAOOOA FORI CAPTTAL iSE HOOD PERRY 
ACME WAYNE CALLANC MERIT CORSO> PI715M SEE90N ESSEX YORK 
HUTCH 
ESON 
EVANS MCCALL B216 A1S64 WLUAMS BONUS RANSOM 
201 HOBBT PELLA 
Figure 1. A representation of the pedigrees analyzed in this study. Seed was not available fortwo of the 
cuitivars depicted, Strain #171 and the rogue in PI81041. Cultivars CNS and Harosoy are repeated in the 
figure because of their involvement in several diverse pedigrees. 
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Figure 2. RFLP map showing monomorphic (small font) and polymorphic (large, 
bold font) loci found in 64 cultivars. Numbers to the left of the linkage groups 
indicate the position of the polymorphic loci, relative to the top (0). 
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Figure 6. Four linkage groups "E", "K", "N", and "W" are shown for the 
cultivar Mandarin Ottawa. Also shown are the cultivars derived from 
Mandarin Ottawa and the alleles in these linkage groups that were 
inherited from Mandarin Ottawa directly or indirectly. Also shown is 
linkage group "E" for CNS, which was an ancestor for some of the 
cultivar descendants of Mandarin Ottawa. RFLP allele designations for 
the breeding lines L49-4091, C1253, and AX901-40-2 were inferred 
from their respective pedigrees. 
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PAPER 2. SOYBEAN PEDIGREE ANALYSIS USING MAP-BASED 
MOLECULAR MARKERS 11. RECOMBINATION DURING 
CULTIVAR DEVELOPMENT 
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ABSTRACT 
A question often asl<ed by plant breeders is whether recombination is 
maximized or minimized during the breeding process. A retrospective analysis of 
soybean cultivars was conducted to determine if cultivars are composed of large 
regions of chromosomes inherited intact from one parent (indicative of minimal 
recombination), or if the chromosomes are a mixture of one parent's DNA 
interspersed with the DNA from the other parent (indicative of maximal 
recombination). Twenty-six soybean cultivars and their immediate parents (47 
genotypes) were analyzed at 89 RFLP loci to determine the minimal number and 
distribution of recombination events that could be detected. Cultivars derived from 
single cross and single backcross breeding programs showed an average of 5.5 
and 7.8 recombination events per cultivar, respectively. An analysis of randomly 
dispersed independent regions of chromosomes indicated that the number of 
recombination events did not differ statistically from what was expected at random. 
However, detailed analysis of each linkage group revealed that large portions of 
linkage groups "D", "F", and "G" were inherited intact from one parent in several 
cultivars. A portion of linkage group "G", in contrast showed more recombination 
events than expected, based on genetic distance. This analysis suggests that the 
breeding process acts to optimize recombination, selecting against recombination 
events where agronomically favorable combinations of alleles are present in one 
parent, and for recombination in areas where agronomically favorable 
combinations of alleles are not present in either parent. 
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INTRODUCTION 
Beginning in the early 1900s, linkage and recombination became a topic of 
research and discussion. Initially, recombination was studied because of its value 
in determining the genetic distance separating two or three characters. These 
distances were used to produce early linkage maps (Morgan, 1911; Sturtevant, 
1913, Kwen, 1923). It soon followed that recombination rates between characters 
showed variation between populations in species such as Drosophila (Bridges, 
1915), maize (Stadler, 1925), and soybean (Pfeiffer and Vogt, 1990). Variation in 
recombination rate has been associated with temperature in Drosophila (Plough, 
1921), aging in tomato (Griffing and Langridge, 1963), and complexing agents in 
maize (Ihrke and Kronstad, 1975). Tests in soybean on the effect of calcium and 
phosphorus were non-significant (Hanson, 1961) 
Studies in drosophila (Chinnici, 1971), wheat (Rao and Murty, 1972), radish 
(Dayal, 1976) and soybean (Pfeiffer and Vogt, 1990) have shown that variation in 
recombination appears to be under polygenic control. Pfeiffer and Vogt (1990) 
analyzed Fg soybean populations derived from crosses of 'API 2' and three of its 
near isogenic lines. The recombination rates between P1, R and Lnp2, and DM 
and LI were normally distributed among the Fg progeny, and evidence of a single 
"major" gene affecting recombination was not observed. In contrast, Farcy et al. 
(1986) reported a single gene that acted to enhance recombination frequency in 
petunia. 
A variety of models have been constructed to explain the regulation of 
recombination (Kimura, 1956; Nei, 1967; Nei, 1968; Pederson, 1974; Bos, 1977). 
Simchen and Stamberg (1969) proposed that there are two types of regulation, 
coarse and fine. The coarse control would explain the mutations which have a 
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gross, all-or-nothing effect on recombination (Clark, 1965; Gowen, 1933), while the 
fine control would alter the frequency of recombination, but not block recombination 
entirely. 
The models for recombination have remained relatively untested because 
the data needed for analysis is not available. The advent of RFLP and other DNA-
based technologies may help alter this situation. The number of morphological loci 
contained in a known linkage group is usually limited. DNA-based loci, however, 
have been used to produce relatively saturated maps in many species (O'Brien, 
1993). Use of these DNA-based loci could provide some insight into the control 
and regulation of recombination. The ability to follow chromosomal segments from 
parent to offspring in soybean, using RFLP loci, has been demonstrated 
(Shoemaker et al. 1992; Lorenzen et al. 1994). Thus, the potential exists to identify 
and evaluate regions of chromosomes that have undergone recombination events 
during the development of a soybean cultivar. 
The breeding process of an inbred species takes multiple generations, and 
each generation contains a meiotic event, which provides the opportunity for 
recombination to occur. Take, for example, a cultivar derived from a single cross 
between two parents. The Fi seed is allowed to self-pollinate, and produce Fg 
seed, which, in turn is allowed to self-pollinate. This selfing process continues until 
the resulting progeny is essentially homozygous. Depending on the breeding 
strategy used, single plants are selected and advanced in one or more 
generations. In each generation of selfing, theoretically one-half of the 
heterozygous loci are fixed at one allele or the other. Therefore, in the Fg 
generation, 96.87% of the loci that were heterozygous in the Fi generation are 
now homozygous. This breeding strategy takes advantage of multiple meiotic 
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events, where recombination can alter the combination of alleles present in a 
soybean plant. 
The relatively short history and the limited number of ancestral lines which 
have contributed to modern cultivars helps to make soybean an ideal system for 
pedigree analysis. Only 12 Plant Introductions account for over 88% of the 
germplasm present in modern cultivars (Specht and Williams, 1984). Thus, the 
number of cultivars required for a pedigree analysis does not become 
unmanageably large. Most studies on recombination to date have focused on 
experimental populations and factors which potentially affect recombination rates. 
These studies often focus on a small portion of the genome. In the future, for the 
breeder to maximize the benefits realized from recombination, it will be important to 
know how many recombination events have occurred in the derivation of past 
cultivars, and the genomic location. It is not known whether the breeding process 
acts to maximize or minimize the number of recombination events that occur. A 
retrospective analysis of soybean cultivars derived from breeding programs could 
determine if cultivars are composed of large regions of chromosomes inherited 
intact from one parent (indicative of minimal recombination), or if the chromosomes 
are a mixture of one parents DNA interspersed with the DNA from the other parent 
(indicative of maximal recombination). 
The purpose of this research was to retrospectively (i) estimate whether the 
amount of recombination observed among 21 soybean cultivars can be explained 
by independent assortment, and (ii) examine linkage groups in detail to locate 
regions that are Inherited as large linkage blocks, and regions that show more 
recombination than expected, based on genetic distance. 
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MATERIALS AND METHODS 
Selection of Germplasm 
Twenty-one cultlvars derived from single cross breeding programs and five 
cultivars derived from single backcross breeding programs were selected for RFLP 
analysis based on their commercial success. Their commercial success was 
predicted by the number of acres on which they were planted. For example, in 
1957, 'Harosoy', 'Hawkeye', 'Lee', and 'Clark' were planted on 55% of the 
soybean acreage in the United States. Two cultivars released by private 
companies in the 1980s and early 1990s were added to the study to include more 
modern germplasm in the study. Additionally, one breeding line was included in 
the analysis. The total number of soybean lines analyzed in this study was 47. 
RFLP Probe Analysis 
The DNA from 47 soybean lines was digested with five restriction 
endonucleases, Dra I, EœR I, EœR V, Hind III and Taq I. Eighty-two genomic DNA 
probes that detected 89 loci were screened against these genotypes, using 
probe/enzyme combinations that were identical to those used in preparation of the 
USDA-ARS:RFLP map (Shoemaker and Olson, 1993). Only the mapped 
polymorphic fragment was scored in each cultivar. Extraction of DNA, restriction 
endonuclease digestions, electrophoresis, Southern Transfer, and DNA 
hybridizations were performed as described previously (Keim et al. 1989). 
RFLP Allele Assignment 
For graphical genotype display purposes, the DNA fragments at a locus 
must be given an allelic designation. The allele designations used in this analysis 
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are consistent with those reported by Lorenzen et al. (1994). For graphical 
presentations, the RFLP alleles were coded with the "a" allele black, the "b" allele 
dark gray, and the "c" allele light gray. Missing data was left blank (white). 
Graphical genotypes were created using Supergene^w, a Macintosh software 
application (Boutin et al. 1994). 
Detection and Evaluation of Recombination Events 
Not every analyzed RFLP locus was informative in every cultivar. An RFLP 
locus was defined as informative if a DNA fragment polymorphism existed between 
the two parents. This polymorphism allowed a "parental source" to be assigned to 
that chromosomal region of the derived cultivar. Informative loci were coded to 
indicate which parent contributed the RFLP allele to the cultivar. If the parental 
source was different between two consecutive, informative RFLP loci, it was 
inferred that a recombination event occurred between the two loci. 
The distribution and combination of informative loci was unique on every 
linkage group of every cultivar. The distance, in centimorgans, was calculated for 
the interval between each two consecutive, informative loci pairings. If the interval 
between two informative loci was greater than or equal to 50 cM, the interval was 
assigned a linkage value of 0.5. Intervals that were less than 50 cM were assigned 
a linkage value equal to the interval distance times 0.01. Thus, an interval between 
two loci equal to 36 cM was assigned a linkage value of 0.36. Each linkage group 
that showed an interval with a linkage value that was equal to or greater than 0.47 
was analyzed to determine if the number of recombination events observed was 
equal to the number of recombination events expected at random. In the cultivars 
derived from single cross breeding programs, 50% of the linkage groups with one 
independent interval were expected to show a recombination event. 
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The number of detected recombination events was counted for each 
individual cultivar. The number of recombination events detected and the number 
of informative loci in cultivars derived from single cross breeding programs were 
analyzed in JMP®, a Macintosh SAS application, to determine if the distribution 
was normal (JMP, 1989). The Shapiro-Wilk test was used to determine normality, 
with W = 0.97 or greater considered a normal distribution (JMP, 1989). 
Large linkage blocks that were inherited intact from parent to offspring were 
identified by examining linkage groups to locate consecutive informative loci that 
were derived from the same parent. A minimum of four consecutive, informative 
loci derived from the same parent was required before it was decided that a region 
was a linkage block. Three consecutive informative loci derived from the same 
grandparent was required for a region to be considered a linkage block that was 
inherited for two generations. The number of consecutive markers required to 
identify linkage blocks, four for one generation, and three for two generations was 
subjective. The criteria used by the authors was set to eliminate large "gaps" 
between markers where double recombination events would likely remain 
undetected. Regions of linkage groups that were less than 50 cM apart, and 
showed recombination events in five or more independently derived cultivars were 
considered to contain more recombination events than expected. 
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RESULTS AND DISCUSSION 
Observation of Recombination Events 
Twenty-one soybean cultivars derived from single cross breeding programs 
and five cultivars derived from single backcross breeding programs were each 
analyzed at 89 RFLP loci distributed over 13 linkage groups (Table 1 and Figure 1). 
Each cultivar contained a unique combination and distribution of informative RFLP 
loci. An RFLP locus was defined as informative if a DNA fragment polymorphism 
existed between the two parents. The informative loci were coded to indicate 
which parent contributed the RFLP allele to the progeny cultivar. If the parental 
source was different between two consecutive, informative loci, it was inferred that 
a recombination event occurred between the two loci. 
The observed number of recombination events detected in cultivars derived 
from single backcross breeding programs ranged from six in the cultivars 'Shelby' 
and 'Chippewa', to 11 in the cultivar 'Ford', with an average of 7.8. The average 
number of informative loci among these cultivars was 34 (Table 1). The number of 
informative loci in cultivars derived from single cross breeding programs ranged 
from 15 in the cultivar 'Century', to 47 in the cultivar 'B216', with an average of 30.1 
(Table 1). The distribution of the number of informative loci was normal, W = 0.98. 
The observed number of recombination events detected in cultivars derived from a 
single cross ranged from one in the cultivar, Century, to 10 in the cultivar, 'Merit', 
with an average of 5.5 (Table 1). The distribution of the number of observed 
recombination events was normal, W = 0.98. 
The number of recombination events that were observed depended, in part, 
on the number of informative loci present in the cultivar. A regression of the 
number of recombination events on the number of informative loci resulted in an r2 
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of 0.54, p = 0.0001. Thus, the number of observed recombination events increased 
linearly as the number of Informative loci increased. However, only 54% of the 
variation in the observed recombination events was explained by the number of 
informative loci. In addition to the number of informative loci, the distribution of 
these informative loci along the linkage group affected the number of 
recombination events that were observed. Informative loci were independently 
spaced "on average", but close linkage was observed between some informative 
loci. Finally, the potential exists that the variation in the number of detected 
recombination events was affected by the quantitative nature of recombination as 
described by Pfeiffer and Vogt (1990). A quantitative model is supported by the 
normal distribution of the number of recombination events that were observed. 
Distribution of Recombination Events 
In a previous study, evidence of selection was shown by the demonstration 
that a cultivar derived from a single cross did not always receive 50% of its genetic 
information from each parent, but often received statistically more genetic 
information from one parent (Lorenzen et al. 1994). This previous analysis 
involved the same 21 cultivars derived from single cross breeding programs as the 
present analysis, and 10 of these cultivars had parental ratios which exceeded that 
predicted by St. Martin (1982) (Lorenzen et al. 1994). Observation of the 
distribution of recombination events which occurred during the development of 
these cultivars also has the potential to provide evidence of selection. Large 
genomic regions which have not undergone recombination potentially contain 
favorable combinations of alleles, while regions that have undergone 
recombination events have potentially brought together favorable combinations of 
alleles. 
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An independently spaced interval is flanked by two, informative loci, with the 
distance between them equal to or greater than 50 cM. Only the cultivars derived 
from single crosses are included in this part of the analysis. Four of the five 
cultivars derived from a single backcross had the same two parents (they are 
derived from the same genetic background). 
Independently spaced intervals located on the linkage groups of cultivars 
derived from a single cross were combined. Thirteen linkage groups were 
analyzed among 21 cultivars, for a total of 273 linkage groups. Ninety-two 
independent intervals were observed among the 273 linkage groups. Linkage 
groups which contained more than one independent interval were not included. 
Forty-one of the 92 independent intervals did not show a recombination event, and 
51 did (Table 2). The expected ratio was 50% : 50%. The observed ratio did not 
differ from the expected in a chi-square analysis (Table 2). In addition to 
independently spaced loci, we also analyzed loci which were very closely linked. 
Intervals between 0 and 10 were combined. The amount of recombination 
observed was compared to that expected in an interval of 5 cM. Forty-four of the 
273 linkage groups contained intervals between Oand 10 CM. Thirty-seven of the 
44 evaluated intervals did not contain a recombination event, and seven did (Table 
2). This was significantly different from the expected ratio, with more recombination 
observed than expected (Table 2). However, five of the recombination events that 
occurred in intervals less than 10 cM, occurred in a cluster on linkage group "G". 
Thus, it does not appear to be a "genome-wide" phenomenon, but localized to one 
region. These five clustered recombination events potentially will be discussed in 
more detail later (Figure 6). Overall, the analysis of regions of chromosomes 
indicated that the number of recombination events detected in this study could be 
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explained by independent assortment, with the exception of the region on linkage 
group "G". 
Inheritance of Large Linkage Blocks 
Many linkage groups contained four or more informative markers that were 
not independently spaced. It is difficult to use statistical analysis on informative loci 
that are not separated by equal distances, but these linkage groups can still 
provide valuable informative by lending a more accurate assessment of the 
potential origin of a particular linkage group. 
Each of the 26 cultivars derived from hybridization programs was analyzed 
at 13 linkage groups. A total of 338 linkage groups were analyzed. Seventy-one of 
these 338 linkage groups had four or more informative loci. Thirty of the 71 linkage 
groups (42%) had from four to nine consecutive, informative loci derived from the 
same parent (Table 3). The size of regions that appeared to be inherited intact 
from parent to offspring ranged from 67 to 372 cM, with an average of 184 cM. 
Figure 2 shows five cultivars where it appeared that an entire linkage group was 
inherited intact from one parent. The most striking example was linkage group "C" 
in the cultivar "Lee". Nine consecutive informative loci which spanned 372 cM, 
were all derived from the ancestral cultivar "SI00". 
The above linkage blocks were not all randomly scattered across the 
genome. Three linkage groups contained regions which were inherited intact 
during the independent development of more than one cultivar. First, linkage 
group "D" contained a region 170 cM in length that was inherited as a linkage block 
in four separately derived cultivars (Figure 3). This linkage block includes more 
than half of the 321 cM present on the linkage group. Second, linkage group "F" 
contained a region 130 cM in length that was inherited as a linkage block in five 
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separately derived cultivars (Figure 4). The total length of linkage group "F" is 146 
cM. The 130 cM linkage block represented a substantial portion of linkage group 
"F" (Figure 4). Finally, linkage group "G" contained a region 113 cM in length that 
was inherited as a linkage block in five separately derived cultivars (Figure 5). The 
total length of linkage group "G" is 140 cM (Figure 5). A 74 cM region on linkage 
group "G" was inherited intact for two generations; Ogden contributed a 101 cM 
region to Kent, and Kent then contributed 74 of the 101 cM's to Adelphia (Figure 5). 
The predominantly two-allele nature of soybean RFLP loci made it difficult to 
follow alleles for more than one generation. Even with this limitation, we were able 
to detect six linkage groups with linkage blocks containing three consecutive 
informative loci, including linkage group "G" mentioned above, that could be 
followed for two generations. The lengths of these linkage blocks ranged from 74 
cM contributed from Ogden > Kent > Adelphia, to 300 cM contributed by Mandarin 
Ottawa > Harosoy > Corsoy (Table 4). Many additional linkage blocks inherited 
intact for two generations were detected by relaxing the detection criteria to two 
consecutive, informative loci. Thus, it appeared that large regions of chromosomes 
sometimes remained intact during the process of cultivar development. These 
could represent regions where favorable combinations of alleles are present and 
selected for, or regions where recombination has been repressed. These two 
explanations are not necessarily mutually exclusive. Kimura (1956) and Nei 
(1967) have proposed that natural selection can affect rates of recombination, 
ultimately leading to closer linkage of favorable alleles. Thus is follows that a 
breeder selecting for agronomic traits will select for regions where favorable 
combinations of alleles existed in the parents, and against regions were 
recombination events have broken up these favorable combinations. Additionally, 
the influence of genetic control must not be overlooked. The linkage blocks 
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present on linkage groups "D", "F", and "G", may have been under genetic control 
that suppressed recombination in these regions. 
Multiple Recombination Events 
Above, the existence of large linkage blocks inherited from the same parent 
was demonstrated. Linkage groups were also analyzed to detect the opposite 
phenomenon, namely multiple recombination events located on the same linkage 
group. Among the 338 linkage groups analyzed (26 cultivars X 13 linkage groups), 
six linkage groups contained three or more recombination events (Table 5). One 
striking example was linkage group "G" in the cultivar 'B216', where three 
recombination events were detected in a 27 cM region. An additional 20 linkage 
groups (located among the 26 cultivars) contained two recombination events. 
The presence of multiple recombination events on a linkage group 
suggested that either the breeder selected for recombination events that brought 
together favorable alleles, or that recombination was "enhanced" in these regions. 
Again, the two explanations are not necessarily mutually exclusive. The selection 
for combinations of alleles that were not present in parental germplasm would 
likewise select for recombination in that region. The possibility also exists that 
these regions are under genetic control that enhances recombination. 
Linkage group "G" appeared to have a 56 cM region of the linkage group 
that was prone to recombination events (Figure 6). Nineteen recombination events 
were observed among 15 cultivars in this 56 cM region (Figure 5). The four sister 
cultivars, Clark, Chippewa, Ford and Shelby, were derived from the cross Lincoln^ 
X Richland. The development of these four cultivars was independent, except that 
Clark and Shelby trace to a single S3 plant after the backcross (Carter et al. 1993). 
Each of the cultivars contained a recombination event in a 1 cM region on linkage 
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group "G" (Figure 5). In each instance the RFLP allele, A890-b, was contributed by 
Lincoln, and allele B216-a, located one cM away, was contributed by Richland. 
This suggested that a recombination in this region, of this particular cross, brought 
together a favorable combination of alleles. Alternately, this region may have been 
under genetic control, and this combination of alleles was conducive to enhancing 
recombination at this location. Unfortunately, Lincoln and Richland were 
monomorphic at the remaining 10 loci on linkage group "G", therefore it remains 
unknown whether this recombination event resulted in the derivation of one-half of 
the linkage group from Lincoln and one-half from Richland, or if a smaller region 
from one parent was introgressed. FT1950 also contained a recombination event 
in this same, 1 cM, region (Figure 6). 
Summary 
A question often asked about the breeding process is whether it acts to 
maximize or minimize the amount of recombination. This study suggests that the 
breeding process tends to optimize recombination, by maximizing in some regions, 
and minimizing in others. Analysis of randomly dispersed independent intervals 
indicated that the amount of recombination observed could be expected at random. 
In contrast, when analyzing chromosomal regions in detail, evidence for both 
minimizing and maximizing recombination could often be seen on different linkage 
groups of the same cultivar. For example, the cultivar 'Ford' has a 235 cM region 
on linkage group "B" that appeared to be inherited intact from Lincoln, while 
linkage group "D" showed four recombination events. Evidence for minimizing and 
maximizing recombination could also be seen on the same linkage group within a 
cultivar, or between cultivars. The cultivar 8216 had a region on linkage group "G" 
where 80 cM appeared to be inherited intact from 'Wayne', while the adjacent 27 
69 
cM of the linkage group showed three recombination events. Additionally, linkage 
group "F" showed three recombination events in the cultivar, 'Merit', while five other 
cultivars showed that a large region of this chromosome was inherited as a linkage 
block. Three linkage groups, "D", "F", and "G" were identified that contained large 
linkage blocks inherited intact during the independent development of four, four, 
and five cultivars, respectively. Linkage group "G" also contained a region , where 
multiple cultivars showed recombination events in the same 1 cM interval. 
This retrospective analysis of recombination during soybean cultivar 
development has begun the process of identifying potentially favorable 
combinations of alleles that are located on the same linkage group (linkage 
blocks), as well as regions where favorable combinations of alleles have not yet 
been fixed by breeders (multiple recombination events). Alternately, the linkage 
blocks and regions with multiple recombination events that were identified could be 
genomic regions that are under genetic control that enhances or suppresses 
recombination, irrespective of the allelic combinations which are present. 
Ultimately, it will be necessary to know the chromosomal locations of agronomically 
important genes to distinguish between recombination events under the influence 
of breeder selections, and recombination events under genetic control. 
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Table 1. Cultivars and the parents from which they were derived, are listed 
in ascending order,according to the number of recombination events that 
were detected. The number of informative loci present in each cultivar is 
also listed 
Cultivar Femal Parent Male Parent No. of No. Of 
Recombinations Infonnative Loci 
Single Cross 
Century Calland Bonus 1 15 
Evans Merit Harosoy 2 19 
Hawkeye Mukden Richland 2 26 
Corsoy Harosoy Capital 3 23 
Blackhawk Mukden Richland 3 26 
Adelphia (Kent) Adams 4 23 
York Dorman Hood 4 38 
Acme Manitoba Brown Mandarin Ottawa 5 30 
Hark Hawkeye Harosoy 5 31 
Hobbit Williams Ransom 6 35 
FT1950 BSR201 A2943 6 24 
Adams mini Dunfield 6 22 
A3127 Williams Essex 6 27 
Pagoda Manitoba Brown Mandarin Ottawa 6 31 
N44-92 Haberlandt Ogden 6 29 
Lee CNS S100 7 39 
A2943 A1265 A3127 7 38 
B216 Corsoy Wayne 8 47 
Amsoy Adams Harosoy 9 38 
Kent Lincoln Ogden 9 32 
Merit Blackhawk Capital 10 39 
Average 5.5 30.1 
Single Backcross 
Shelby Lincoln2 Richland 5 29 
Chippewa Lincoln2 Richland 6 32 
Clark Lincoln2 Richland 7 31 
Harosoy Mandarin Ottawa2 AK Han-ow 10 46 
Ford Lincoln2 Richland 11 32 
Average 7.8 34.0 
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Table 2. The number of linkage groups which did and did not show a 
recombination event In an Independent Interval, and in an Interval less 
than 0.10 cM are presented. The observed number of linkage groups was 
compared to the expected number in a chi-square analysis. Chi-square 
and p-values are presented 
p value Number of 
intervals 
observed 
Number of 
intervals 
expected 
Total Chi-
square 
One Independent Interval 
Zero recombination events 
One recombination event 
4 1 
51 
46 
46 1 .09 0.30 
Intervals linl<ed at 0.05 cM 
Zero recombination events 
One recombination event 
37 
7 
42.1 
1.9 14.21 0.001 
significant at a = 0.001 
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Table 3. Cultivars which contain a large linkage block 
inherited from one parent. Regions on linkage groups were 
considered to be large linkage blocks if a minimum of four 
consecutive, informative loci were derived from the same 
Cultivar Linkage No. of No. of 
Group Consecutive 
Markers 
Centimorgans 
Lee C 9 372 
Kent G 7 100 
Hobbit F 6 165 
York G 6 113 
Shelby C 5 259 
Clark C 5 259 
B216 D 5 120 
Hawkeye D 5 250 
B216 F 5 130 
Hark F 5 130 
York A 4 259 
Harosoy A 4 306 
Merit A 4 142 
Amsoy A 4 142 
Corsoy A 4 349 
Hawkeye A 4 197 
Ford B 4 235 
Chippewa B 4 325 
Chippewa C 4 162 
Merit C 4 162 
N44-92 C 4 70 
Hobbit C 4 306 
Chippewa D 4 205 
Blackhawk D 4 170 
York F 4 130 
Acme F 4 124 
Adelphia F 4 67 
8216 G 4 94 
A2943 G 4 134 
Lee H 4 153 
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Table 4. Cultivars which show three consecutive 
Informative loci that have been Inherited intact for 
two generations 
Cultivar Linkage Group No. of Centimorgans 
Adelphia G 60 
Amsoy A 141 
Amsoy B 218 
Corsoy C 236 
Hark D 251 
Corsoy A 300 
Table 5. Linkage groups which have undergone three or more 
recombination events. 
Cultivar Linkage No. of No. of 
Group Centimorgans Recombinational 
Events 
B216 G 27 3 
FT1950 G 60 3 
Merit F 131 3 
Clark D 301 3 
Ford D 301 4 
Chippewa A 367 3 
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Figure 1. RFLP map showing the loci analyzed in 47 cultivars. Numbers to the 
left of the linkage groups indicate the position of the locus, relative to the top (0). 
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group indicate the parental source. 
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Figure 3. Linkage group "D" is shown for four cultivars. Regions of the 
linkage group contained in the box indicate "linkage blocks" that are in 
common among the cultivars. Characters to the left of the linkage group 
indicate the parental source of that allele. 
80 
York Acme B216 Hobbit Hark 
m R» Km 
cM 
0] 
15-
124-
146. 
Locus 
A401 
A806 
KDa2 
A186 
B212 
ATQB 
KD14.2 
T002 
Linkage Group 
Key: 
• = "-a" allele 
m = "-b" allele 
= "-c" allele 
0 = Hood 
D = Dorman 
B = Manitoba 
Brown 
W = Wayne 
R = Ransom 
H = Harosoy 
K = Hawkeye 
Figure 4. Linkage group "F" is shown for five cultivars. Regions of the 
linkage group contained in the box indicate "linkage blocks" that are in 
common among the cultivars. Characters to the left of the linkage group 
indicate the parental source of that allele. 
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PAPER 3. SOYBEAN PEDIGREE ANALYSIS USING MAP-BASED 
MOLECULAR MARKERS III. A COMPARISON OF THREE 
GENETIC SIMILARITY ESTIMATES 
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ABSTRACT 
Parental selection is an important step in any breeding program. A 
common practice among soybean breeders is to cross elite x elite lines to derive 
superior cultivars. Estimates of genetic relatedness are used by breeders to assist 
in parental selection. The purpose of this research was to compare estimates of 
genetic similarity previously reported in the literature to similarity estimates based 
on 95 RFLP loci, and to determine if RFLP similarity values can be used to predict 
agronomic success. RFLP similarity estimates and coefficient of parentage values 
resulted in different spatial relationships in a principle component analysis. 
Regression analysis revealed a 0.44 correlation between the two similarity values, 
however, low coefficient of parentage values showed a broad range of RFLP 
similarity estimates. Similarity estimates based on RFLP markers, and ten metric 
characters were compared. Only 6% of the variation in the two estimates was 
explained by linear regression. Finally, a comparison of similarity values derived 
from RFLP data, and isozyme patterns was made. Only 9% of the variation in the 
two estimates was explained by linear regression. The similarity values between 
the parents of 26 previously released, commercially successful, cultivars were 
compared. The parental similarity values ranged from 0.38 between CNS and 
S100, the parents of Lee, to 0.85 between Calland and Bonus, the parents of 
Century. The broad range of similarity values between successful parental 
combinations makes it unlikely that soybean RFLP similarity values can be used to 
predict agronomically successful parental combinations. 
85 
INTRODUCTION 
To derive superior cultivars, soybean breeders cross elite x elite lines., 
therefore parental selection is very important. Over 88% of the germplasm present 
in modern soybean cultivars has been contributed by 12 ancestral lines (Delannay 
et al. 1993; Specht and Williams, 1984). Lack of diversity could jeopardize the 
success of the elite x elite breeding strategy now employed. Therefore, estimates 
of genetic relatedness are very important to breeders in parental selection and in 
the preservation of diversity. 
A variety of models have been presented to estimate levels of genetic 
diversity (or similarity) between members of a crop species. In self pollinating 
crops, pedigree information is used to calculate coefficient of parentage values, 
which are based on the probability that the alleles present in two cultivars are 
identical by descent (Falconer, 1985). Many crop species, including wheat (Cox et 
al. 1985), oat (Souza and Sorrells, 1988), and soybean (Cox et al. 1985; St. Martin, 
1982; Carter et al. 1993) have calculated coefficient of parentage values between 
cultivars to establish estimates of genetic similarity. In addition to pedigrees, 
morphological markers, isozyme patterns, metric characters, RAPD, and RFLP 
markers have been used to estimate genetic relatedness (Cox et al. 1985; Heun, et 
al. 1994; Giziice et al. 1993; Tinker et al. 1993; Keim et al. 1989; Skorupska et al. 
1993). In these analyses, Rogers' distance and Nei's identity are frequently used 
to estimate the genetic relatedness of cultivars (Weir, 1990). Rogers distance' (cf) is 
the ratio of the number of polymorphic loci to the number of total loci examined, and 
Nei's identity is equal to 1 - d. 
There is no estimate of genetic relatedness that is superior to another, and 
each estimate has limitations. In the calculation of coefficient of parentage 
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values(r), the true relationship between pairs of ancestral lines is often unknown, 
and must be estimated. For soybean, the genetic relationship between the 
ancestral lines Mandarin and Mandarin Ottawa was assumed to be zero by both 
Allen and Bhardwaj (1987) and Cox et al. (1985), whereas Carter et al. (1993) and 
St. Martin (1982) estimated the relationship to be 0.5 and 1.0, respectively. The 
importance of obtaining accurate information regarding the relatedness of 
ancestral lines was demonstrated by Cox et al (1985) and St. Martin (1982). Using 
the above-mentioned relationships between Mandarin and Mandarin Ottawa, the 
average r estimates were 0.19 and 0.25, respectively, for the same group of 
cultivars (Cox et al. 1985; St. Martin, 1982). Gizlice et al. (1993) (in a phytotron 
study that involved ten metric characters) estimated the average similarity of 14 
ancestral cultivars to be 0.42. Estimates of relatedness between ancestral lines 
equal to 0.42 and 0.0 were used to calculate r for 258 soybean cultivars and the 
results were compared (Carter et al. 1993). The similarity estimate of 0.42 had little 
effect on r for cultivars released after 1980 (Carter et al. 1993). 
The use of isozyme and/or morphological markers is limited by the relatively 
small number of markers that can be analyzed. Metric characters potentially 
alleviate this problem, by analyzing traits that are controlled by many loci, and 
hence obtaining better coverage of the genome (Gizlice, 1993). The disadvantage, 
however, to measuring quantitative characters, is that different combinations of 
genetic alleles can produce the same phenotype. For example, the hybridization of 
two maturity group III cultivars can result in progeny that mature both earlier and 
later than the parents. Cox et al. (1985) compared r values of soybean cultivars to 
estimates based on genetic loci, and recommended that a combination of the two 
would provide the best estimate of relatedness. 
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The use of RAPD or RFLP markers is advantageous because a large 
number of loci with known chromosomal locations can be examined, allowing 
relationships between cultivars to be estimated at a molecular level. Tinker et al. 
(1993) used RAPD markers to estimate genetic distance (d) between inbred spring 
Barley lines and compared these distances to coefficient of parentage (r) estimates. 
A linear correlation between r and d was evident, particularly with higher estimates 
of r. A potential disadvantage of RAPD and RFLP markers is that they represent 
random DMA fragments, which are only presumably linked to agronomic traits of 
interest. 
Comparisons of RFLP and/or RAPD similarity values and isozyme similarity 
values have been reported for several species. A good correlation between RAPD 
and isozyme similarity values was reported in lentils (Havey and Muehlbauer, 
1989), and in rice (Fukuoka, et al. 1992). In contrast, Landry et al (1987) reported 
only approximate correlations between RFLP and isozyme relationships in lettuce. 
The purpose of this research was to (i) compare estimates of genetic 
similarity in soybean derived by an RFLP analysis of 95 loci with estimates of 
genetic similarity derived using (a) coefficient of parentage values, (b) analysis of 
ten metric characters, and (c) analysis of 12 isozyme alleles, and (ii) evaluate the 
potential use of RFLP similarity values as predictors of successful parental 
combinations, based on a retrospective analysis of the similarity values between 
the parents of 26 commercially successful cultivars. 
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MATERIALS AND METHODS 
Selection of Germplasm and RFLP Probe Analysis 
The germplasm lines used in this study were selected and subjected to an 
RFLP analysis as previously described, with the following exceptions (Lorenzen et 
al. 1994). The ancestral lines PI54610-1, and PI54610-4 were not included in the 
analysis, nor were the breeding lines N44-92 and N45-2994. The ancestral lines 
Peking and Kingwa were included in this analysis. These adjustments were made 
to help correlate the RFLP results with the coefficient of parentage values. 
Comparison of Similarity Estimates 
RFLP similarity estimates were calculated by dividing the number of RFLP 
loci that were polymorphic between two genotypes by the total number of RFLP loci 
analyzed, and subtracting the resulting number from 1.0. An in-house computer 
program, written in Clipper®, was used to make these calculations. Principle 
component analyses were done using the PROC PRINCOMP and PROC FACTOR, 
METHOD=PRINCOM procedures of SAS (SAS, 1985). Correlation matrices were 
used as the input data. The coefficient of parentage values were taken from Carter 
et al. (1993). Nine ancestral lines and cultivars were included in the RFLP analysis 
that did not appear in Carter et al. (1993). Coefficient of parentage values for these 
nine ancestral lines and cultivars were calculated using "Case 2" that appeared on 
p. 5 in Carter et al. (1993). Similarity estimates based on evaluation of metric 
characters were obtained from Table 3 in Gizlice et al. (1993). This table also 
appears in Carter et al. (1993) Thirteen of the fourteen ancestral lines analyzed by 
Gizlice et al. (1993) were in common with ancestral lines included in the RFLP 
analysis. Similarity estimates for Palmetto were not used, because corresponding 
89 
RFLP data was not available. Zymogram patterns of 12 isozymes for 38 of the 
ancestral lines and cultivars in common with those used in RFLP analysis were 
obtained from Gorman et al. (1982). Similarity values were calculated by dividing 
the number of zymogram patterns in common between two genotypes by the total 
number of isozymes analyzed. In instances where a cultivar was not homozygous 
for the same isozyme "allele", that isozyme was left out of the calculation. 
Regression analyses of RFLP similarity values on coefficient of parentage values, 
and similarity estimates based on both metric characters and isozyme alleles were 
done in Microsoft Excel® using a linear model. 
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RESULTS AND DISCUSSION 
Sixty-one soybean genotypes were analyzed at 217 RFLP loci located on 23 
linkage groups. Ninety-five of the 217 loci detected a polymorphism among the 61 
genotypes (Lorenzen et al. 1994). These 95 loci were used to calculate estimates 
of genetic similarity. The remaining 122 loci were not included in the similarity 
estimate because they would only have contributed a scaling factor to the estimate. 
These RFLP similarity estimates were then compared to similarity estimates based 
on coefficient of parentage, metric characters, or isozyme patterns previously 
reported in the literature. Table 1 lists the genotypes analyzed along with their 
generation of development, maturity group and symbol designation used in Figures 
1 -6.  
Coefficient of Parentage and RFLP Similarity Estimates 
Similarity estimates based on coefficient of parentage and RFLP estimates 
were subject to a principle component analysis using both the PROG FACTOR and 
PROC PRINCOMP procedure in SAS (SAS, 1985). The results from both 
procedures were graphically identical, and the values from the PROC FACTOR 
were used in Figures 1 and 2. Figure 1 shows a scatter plot of the first two principal 
components for soybean lines based on an RFLP similarity estimate (s). Sixty-five 
percent of the variation in the correlation matrix was explained by the first two 
principal components, with 63% attributed to the first component. The ancestral 
lines 'Peking', 'Kingwa', and CNS' appeared as outliers, while the remaining 
ancestral lines clustered with the derived cultivars. Skorupska et al. (1993) 
analyzed 108 gentypes at 83 RFLP loci and observed one main cluster of cultivars 
with four outliers, in a principal component analysis. In common with this study. 
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Peking was an outlier, however, CNS was located in the main cluster (Skorupska 
et al. 1993). CNS is considered a southern cultivar. In this study, primarily 
northern cultivars were examined, while Skorupska et al. (1993) analyzed 
primiarily southern cultivars. Therefore the different placement of CNS in a 
principle component analysis is likely due to the difference in germplasm analyzed. 
There were no obvious clusters based on generation of development or maturity 
group within the first two principal components. In the third principal component, 
however, cultivars were clustered by maturity group in general, although each 
maturity group had one or two cultivars that appeared in the "wrong" cluster (data 
not shown). Groups of related cultivars were assigned based on the spatial 
relationships that were evident in Figure 1, and each group was coded with a 
different symbol (Figure 1). A second principal component analysis that involved 
these same cultivars was based on their coefficient of parentage values (r) (Carter 
et al. 1993). A scatter plot of the first two principle components appears in Figure 2. 
The first two components described only 22% of the variance in r estimates. The 
designations are consistent between Figures 1 and 2. For example, the cultivars 
that were represented by triangles in Figure 1 were also represented by triangles in 
Figure 2. This was done to demonstrate that principle component analysis of the r 
and s did not result in the same visual relationships. The cluster of triangles in the 
lower portion of Figure 1 was somewhat preserved in the lower right-hand corner of 
Figure 2, but there are also triangles scattered about the remainder of Figure 2. 
The soybean lines represented by triangles that show the same clustering in 
Figures 1 and 2 include Lincoln, and four of its progeny cultivars, Clark Chippewa, 
Ford, and Shelby. There was a large clustering of cultivars, primarily ancestral 
lines and later maturing cultivars near the coordinates 0, 0 (Figure 2). The variation 
among these cultivars was poorly described by the first two principle components. 
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primarily due to large number of r estimates for each of these lines that was equal 
to or near zero. 
A regression of r on s was highly significant (p = 0), and 44% of the variation 
was explained by the regression line. However, lines with r estimates equal to zero 
showed a range in s from 0.38 to 0.78. Thus, while the coefficient of parentage 
values and RFLP similarity estimates appeared to be related, we caution against 
the use of one to predict the other. 
Metric Character and RFLP Similarity Estimates 
Gizlice et al. (1993) calculated similarity estimates among 14 ancestral lines 
based on 10 metric characters analyzed in a phototron. The average similarity 
estimate obtained through the measurement of metric characters (ms) was 0.42, 
with a range of 0.00 to 0.88 (Gizlice et al. 1993; Carter, 1993). Peking and Tokyo 
appeared to be the most diverse, while SI00 and Manchu were the most similar 
(Gizlice et al. 1993) Thirteen of the 14 ancestral lines analyzed by Gizlice et al. 
(1993) were in common with this RFLP analysis. The average similarity estimate 
between ancestral lines calculated by RFLP data was 0.59, with a range of 0.38 to 
0.93. SI 00 and CNS appeared to be the most diverse, while IVIandarin and 
Mandarin (Ottawa) were the most similar. Table 2 shows the similarity matrix 
calculated from RFLP data in the upper triangle. The lower triangle was derived by 
dividing s by ms. (Gizlice et al. 1993; Carter et al. 1993). If s and ms differed from 
each other by a scaling factor, the estimates in the lower triangle would be equal. 
However, s and ms appeared to be very different. The ratio between s and ms 
ranged from 0.58 between CNS and SI00 to 5.8 between Richland and Peking. 
Regression analysis revealed a significant association between s and ms (p = 
0.03), however, only 6% of the variation was explained by a linear model. 
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A graphical representation of the first two principle components derived from 
RFLP data is shown in Figure 3. The Sixty-two percent and 7.5% of the variation in 
the correlation matrix was described by the first and second principle components, 
respectively. The data used to generate the principle component scores in Figure 
3 was a subset of the data used to generate the principle component scores in 
Figure 1. CNS and Peking, and Mandarin and Mandarin Ottawa were more 
distantly related to the remaining ancestors. In contrast, Figure 4 depicts the first 
two principle components based on the measurement of 10 metric characters, 
where 51% and 10% of the variation in the correlation matrix was described by the 
first and second principle components, respectively. In Figure 4, there is one main 
cluster of ancestors (which included Mandarin and CNS), with Arksoy, Tokyo, 
Peking, Mandarin Ottawa, Dunfield, and AK Harrow located peripheral to this main 
cluster. In total, there were four principle components which significantly described 
the variation in the similarity values derived from metric characters. There was no 
combination of principle components that produced relationships similar to those in 
Figure 5 (RFLP similarity values). Similarity estimates derived from metric 
characters were very different from similarity estimates derived from RFLP data, 
and therefore one can not be used to predict the other. 
Isozyme and RFLP Similarity Estimates 
Gorman et al. (1982) analyzed the zymogram patterns of 240 soybean lines 
for 12 isozymes. Thirty-nine of the lines analyzed by Gorman et al. were in 
common with lines in this study. The zymogram types reported by Gorman et al. 
(1982) were used to calculate similarity estimates (is) between the 39 cultivars in 
common between both studies (Table 1). The average is estimate was 0.65, with a 
range of 0.27 to 1.00. The cultivars Adelphia and Evans were the most different, 
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while the comparisons of Century and Chippewa and Mandarin and Mandarin 
(Ottawa) did not reveal differences between these cultivars. The average s 
estimate was 0.64, with a range of 0.4 to 0.94. Peking and Manitoba Brown were 
the most different, while Clark and Shelby were the most similar. Regression 
analysis showed a significant linear relationship between s and is (p = 0). 
However, only 9% of the variation was explained by the linear model. 
The first and second principle components for RFLP similarity values is 
presented in Figure 5. The data used to generate the principle component scores 
in Figure 5 was a subset of the data used to generate the principle component 
scores in Figure 1, therefore Figure 5 is essentially a subset of Figure 1, with a few 
subtle changes in the relationships caused by using only a portion of the data. 
Sixty-five percent of the variation in the correlation matrix was explained by the first 
principle component, and 7% by the second principle component. CNS and 
Peking and Manitoba Brown were outliers. Figure 6 shows the same 38 ancestral 
lines and cultivars as depicted in Figure 5, based on isozyme similarity values. The 
first and second principle components explained 67% and 7% of the variation in 
the correlation matrix, respectively. The group of circles in the upper portion of the 
graph is somewhat preserved between Figures 5 and 6, but there are also circles 
scattered across the remainder of Figure 6. The group of soybean lines in which 
the relationship is similar between isozyme and RFLP similarity values includes 
Mandarin Ottawa, Harosoy (derived from Mandarin Ottawa^ x AK Harrow), and the 
cultivars Corsoy, Amsoy, Evans, and Hark, which all contained Harosoy as a 
parent. Thus, the similarity estimates derived from isozyme data, were very similar 
in magnitude to the estimates derived from RFLP data, and some relationships 
were consistent between the two. However, one value could not be used to predict 
the other. 
95 
Predictors of Agronomic Success 
Breeders often use genetic similarity estimates to assist in the selection of 
parents to use in breeding programs. It would be advantageous for breeders to 
know if estimates of similarity derived from RFLP data could be used as predictors 
of agronomically successful parental combinations. Estimates of s between 61 
ancestral lines and derived cultivars were used to examine relationships between 
parental selections of previously derived cultivars. When hybridization programs 
began in the 1930s, many two and three-way crosses between Plant Introductions 
were analyzed (Specht and Williams, 1984; Delannay et al. 1983). Estimates of s 
between 13 of these ancestral lines can be seen in the upper triangle of Table2. Of 
all the crosses evaluated, the combinations of Lincoln^ x Richland (0.64), Mukden 
X Richland (0.71), Mandarin (Ottawa) x AK Harrow (0.48), lllini x Dunfield (0.72), 
and Manitoba Brown x Mandarin (Ottawa) (0.55), were the most successful 
(estimates of s appear in the parenthesis) (Specht and Williams, 1984; Delannay, 
1983). In respect to the similarity estimates in the upper triangle in Table 2, the 
successful parental combinations could not have been predicted by s. For 
example, crosses between Mukden and Richland (s = 0.71) produced the cultivars 
Blackhawk and Hawkeye. The combination of Richland and Dunfield (s = 0.65) 
was more diverse than Mukden x Richland, but did not produce a commercially 
successful cultivar (Table 2). In fact, there was no record of any cultivar released 
with this combination of parents (Bernard, 1988). Therefore the ancestral 
combinations that produced successful cultivars ranged from relatively similar, 
Mukden x Richland, and lllini x Dunfield to relatively diverse. Mandarin (Ottawa) x 
AK Harrow, and many unsuccessful combinations of ancestral lines had 
comparable s values. 
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In total, the similarity estimates between the parents of 20 cultivars derived 
from single cross breeding programs and 5 cultivars derived from single backcross 
breeding programs were evaluated. These cultivars were all commercially 
successful, based on the number of acres on which they were planted (Hartwig, 
1972). The similarity estimates between the parents ranged from 0.38 between 
CNS and 8100, the parents of Lee, to 0.85 between Calland and Bonus, the 
parents of Century (Table 3). The range in RFLP similarity estimates present in the 
similarity matrix for all 61 soybean lines analyzed was from 0.38 (CNS x SI 00) to 
0.99 (AK Harrow x IllinI). This was a very broad range in "successful" parental 
combinations, and most of the comparisons in the 61 x 61 matrix of ancestral lines 
and cultivars fell within this range (Appendix C). Therefore, these data suggest that 
the selection of parents based solely on RFLP similarity estimates, is not 
necessarily a good predictor of agronomic success. Although not tested in this 
study, RFLP similarity estimates from specific genomic regions may be more 
informative and/or useful as predictors of agronomic success. 
Summary 
Estimates of genetic similarity derived from the analysis of 95 RFLP loci were 
compared to similarity estimates previously reported in the literature. The 
estimates of s and r were the most similar, but low r values showed a wide range of 
s values. Similarity estimates ms and is showed very little correlation with s. In 
addition, the level of s did not appear to be a good predictor of successful parental 
combinations. Cox et al. (1985) recommended that the best estimate of genetic 
relatedness between cultivars was a composite index that involved coefficient of 
parentage values as well as estimates derived from morphological and isozyme 
data. We concur with this, and suggest that RFLP data be included in this 
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composite calculation. No attempt was made to derive composite calculations, 
because similarity values for all four estimates, coefficient of parentage, RFLP 
markers, metric characters, and isozymes were only available for six ancestral 
lines. Additionally, modeling is necessary to determine the best way to derive 
these composite calculations. For example, should the various similarity values be 
added together, and divided by the total number of similarity values, or should 
similarity values be given different weights depending on how they were derived, 
and how do we determine what weight should be given to each similarity value? 
These questions and more will need to be answered before the usefulness of 
composite similarity values can be evaluated. 
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Table 1. Sixty-one Ancestral lines and derived cultivars, along with their generation of development and 
m a t u r i t y  g r o u p  t h a t  w e r e  u s e d  t o  c o m p a r e  s i m i l a r i t y  e s t i m a t e s .  T h e  s y m b o l  p r o v i d e d  r e f e r s  t o  F i g u r e s  1 - 6 .  
Name Generation Maturity Symbol Name Generation Maturity Symbol Name Generation Maturity Symbol 
Group Group Group 
Ancestral Line Cultivar Harkt 2 1 0 
CNS At VII - A3127 5+ n A Harosoyt 1 1 o 
Kingwat A IV - Adamst 1 m A McCalt 4 0 0 
Pekingt A IV - Adelphiat 3 m A Meritt 2 0 0 
AK Harrow A ni A BSR201 5+ 1 A Pagodat 1 0 0 
lllinit A III A Chippewat 2 1 A Perryt 1 IV 0 
Lincoint A IH A Clarkt 2 IV A B216 4 1 0 
Haberlandt A VI 0 Ford 2 1 A Beesont 3 1 0 
Mandarin^ A 1 0 FT1950 5+ R A Blackhawkt 1 1 0 
Mandarin Ottawa^ A 0 0 Kent"!" 2 IV A Bonust 4 IV 0 
Manitoba Brownt A 00 0 Pellat 4 IB A Callandt 3 m 0 
Arksoy A VI 0 Shelbyt 2 1 A Centuryt 5+ 1 0 
Manchu A III 0 Waynet 3 B A Domian 1 V 0 
Mukdent A 1 0 Williams^ 4 B A Essex 5+ V 0 
Ogden A VI 0 Al 564 3 1 0 Hawkeyet 1 1 0 
Patoka A IV 0 A2943 5+ 1 0 Hobbit» 5+ m 0 
Dunfieldt A ID 0 Acmet 1 0 0 Hood 3 VI 0 
P171506 A IV 0 Amsoyt 2 1 0 Hutcheson 5+ V 0 
Richlandt A 1 0 Capitalt 1 0 0 Lee 1 VI 0 
Roanoke A VII 0 Corsoyt 2 1 0 Ransom 5+ VIII 0 
S100 A V 0 Evanst 3 0 0 York 4 V 0 
Tokyo A VII 0 
t These ancestral lines and cultivars were also compared using RFLP and isozyme similarity estimates 
At Ancestral Generation 
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Table 2. RFLP similarity values are given in the upper triangle for 13 ancestral 
lines. Values in the lower triangle are a ratio of the RFLP similarity value to the 
similarity value based on 10 metric characteristics. 
B C D E F G H I J K L M  
0.93 0.58 0.62 0.48 0.47 0.56 0.54 0.56 0.59 0.50 0.59 0.57 
- 0.59 0.64 0.54 0.48 0.58 0.56 0.62 0.60 0.55 0.63 0.56 
1.60 - 0.71 0.62 0.65 0.59 0.50 0.66 0.56 0.53 0.57 0.51 
4.20 1.00 - 0.64 0.65 0.66 0.58 0.70 0.65 0.65 0.70 0.59 
1.60 0.92 1.50 - 0.73 0.67 0.53 0.81 0.60 0.63 0.66 0.46 
1.80 0.95 1.40 0.96 - 0.72 0.53 0.63 0.48 0.58 0.61 0.48 
1.50 2.60 1.10 1.60 1.60 - 0.59 0.52 0.51 0.67 0.63 0.59 
2.50 1.00 5.80 3.30 2.70 1.20 - 0.45 0.48 0.46 0.47 0.50 
1.80 1.10 1.10 1.60 1.20 0.59 0.98 - 0.66 0.62 0.64 0.38 
J 1.50 3.50 0.87 0.97 2.10 1.50 0.67 1.50 0.89 - 0.61 0.67 0.55 
K 0.88 1.00 0.87 1.40 1.20 1.50 1.10 1.90 1.10 1.30 - 0.74 0.52 
1.50 2.60 1.40 1.40 3.30 5.10 1.40 4.70 1.50 1.30 1.30 - 0.53 
M 1.10 2.70 0.70 0.92 0.88 0.70 0.98 2.00 0.58 1.00 1.30 2.20 • 
Ancestor Code A 
Man.Ottawa A -
Mandarin B 1.50 
Mukden C 0.93 
Richland D 1.40 
AK (Han-ow) E 1.10 
Dunfield F 1.00 
Manchu G 1.00 
Peking H 3.00 
S-100 1 1.10 
Arksoy 
Roanoke 
Tokyo L 
CNS 
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Table 3. Similarity values based on 95 RFLP loci, for the parental 
combinations of 25 previously released, agronomically successful 
cultivars. 
Cultlvar Pedigree RFLP similarity value 
between the parents 
Single Cross 
Lee SIOOxCNS 0.38 
B216 Corsoy x Wayne 0.47 
Acme Manitoba Brown x Mandarin Ottawa 0.55 
Pagoda Manitoba Brown x Mandarin Ottawa 0.55 
York Dorman x Hood 0.56 
A2943 A1564 X A3127 0.57 
Kent Lincoln x Ogden 0.57 
Amsoy Adams x Harosoy 0.58 
Hobbit Williams x Ransom 0.58 
Merit Blackhawk x Capital 0.59 
A3127 Williams x Essex 0.68 
Hark Hawkeye x Harosoy 0.69 
Evans Merit X Harosy 0.70 
FT1950 BSR201 X A2943 0.70 
Blackhawk Mukden x Richland 0.71 
Hawkeye Mukden x Richland 0.71 
Adams mini X Dunfield 0.72 
Corsoy Harosoy x Capital 0.74 
Adelphia Kent X Adams 0.75 
Century Calland x Bonus 0.85 
Single Backcross 
Harosoy Mandarin Ottawa x AK Harrow 0.48 
Chippewa Lincoln x Richland 0.64 
Clark Lincoln x Richland 0.64 
Ford Lincoln x Richland 0.64 
Shelby Lincoln x Richland 0.64 
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Figure 1. A scatter plot of the first two principle components for 66 
soybean genotypes, based on RFLP similarity estimates. The symbols 
(diamond, circle dash, and triangle), represent groups of soybean 
cultivars that appear to be related based on their spacial locations 
within this scatter plot. The use of symbols is consistent among 
Figures 1 - 6. 
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Figure 2. A scatter plot of the first two principle components for 
66 soybean genotypes, based on coefficient of parentage 
similarity estimates. The symbols (diamond, circle, dash, and 
triangle), represent groups of soybean cultivars that appeared to 
be related based on their spatial locations within Figure 1. The 
use of symbols is consistent among Figures 1 - 6. 
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PAPER 4. SOYBEAN PEDIGREE ANALYSIS USING MAP-BASED 
MOLECULAR MARKERS IV. ALLELE FREQUENCY 
CHANGES DURING CULTIVAR DEVELOPMENT 
110 
ABSTRACT 
The combination of the narrow genetic base present among soybean 
cultivars, and the cyclic breeding strategy used to derive new cultivars has raised 
concerns about the amount of diversity present in modern soybean. Despite the 
apparent lack of diversity, breeders have been able to improve soybean cultivars. 
A retrospective analysis of soybean cultivar development, from a population view, 
could potentially identify regions of chromosomes that have contributed to the 
improvement of cultivars. Sixteen ancestral lines, and 43 subsequently derived 
cultivars were analyzed at 94 RFLP loci, distributed across 17 linkage groups on 
the USDA-ARS:RFLP molecular map. The number of loci that had an allele 
frequency different from the weighted ancestral allele frequency increased linearly 
across generations. After 5+ generations of cultivar development, 15% of the 
examined RFLP loci had allele frequencies that were statistically different from the 
weighted ancestral allele frequency. Six and ten loci had allele frequencies that 
showed linear trends across generations of cultivar development and maturity 
groups, respectively. Some of the loci that showed linear trends were known to be 
linked with the qualitative genes flpsl, Rps2, Fap2, and RJZ, and oleic acid content. 
It was demonstrated that 10.6% of the original ancestral genetic diversity had been 
lost after four generations of cultivar development. In summary, the process of 
cultivar development, as suggested by this analysis, did not appear to converge on 
one "ultimate" soybean genotype. Rather, the breeding process acted to "shuffle" 
the alleles, which brought together different favorable combinations. 
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INTRODUCTION 
Soybean [Glycine max (L.) Merr.] hybridization programs began in the mid 
1930s when breeders made crosses between superior Plant Introductions. The 
resulting cultivars were released in the 1940s (Specht and Williams, 1984). The 
cultivars released in the 1940s were then used as parents for the next generation 
of cultivar development. This cyclic breeding strategy has continued into the 
present, and has resulted in a narrow genetic base for soybean (Johnson and 
Bernard, 1963; Hartwig, 1973; St. Martin, 1982; Specht and Williams 1984). Only 
12 ancestors account for approximately 90% of the germplasm present in modern 
cultivars (Specht and Williams, 1984; Delannay et al. 1983). This narrow genetic 
base and cyclic breeding strategy has raised questions about the amount of 
diversity present in modern soybean cultivars. Shoemaker et al. (1992) analyzed 
51 genotypes with 32 RFLP probes and five restriction enzymes. Overall there was 
a 24% chance of detecting a polymorphism between any two genotypes with any 
probe/enzyme combination. Skorupska et al. (1993) evaluated 108 genotypes in 
an RFLP analysis and observed that genetic diversity tended to narrow within 
maturity groups where cultivars were more closely related by pedigree. A 
calculation based on coefficient of parentage values estimated that the cultivars 
released between 1971 and 1981 had lost 20% of the diversity that was present in 
the ancestral population (St. Martin, 1982, Cox et al. 1985; Carter, 1993). 
Despite the narrow genetic base, breeders have been able to successfully 
improve cultivars. Estimates of yield increase have been made during the different 
cycles of breeding. Specht and Williams (1984) estimated that a 26% increase in 
yield was realized between the Plant Introductions and the first cultivars released 
from hybridization programs. A 42% yield increase was reported for cultivars in 
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maturity groups I to IV over a 47 year period (1924-26 to 1971-73) (Luedders, 
1977). A 25% yield increase was reported for cultivars in maturity groups II and III 
over a 50 year period (Wilcox, 1979). Additionally, Boerma (1979) reported a 21% 
yield improvement in maturity groups VI, VII, and VIII over a 30 year period (1942-
1973). 
In selecting for yield and other agronomic traits of interest, breeders are 
consequently selecting for genomic regions which control these traits. Therefore, 
over generations of cultivar development, the allele frequency of a favorable allele 
(selected for) should increase, and an unfavorable allele (selected against) should 
decrease. RFLP loci, while random DNA fragments, are potentially linked to genes 
of agronomic importance. In soybean, several qualitative and quantitative traits 
have shown associations with RFLP markers. Diers et al. (1992c) demonstrated 
linkage of five phytophthora resistance genes and one gene affecting nodulation 
with RFLP loci using near isogenic lines (NIL'S). Muehlbauer et al. (1991) also 
used NIL'S to demonstrate linkage of the genes R and Lfl with RFLP markers K003 
and K472, respectively. Additionally, QTL's for iron efficiency, protein content, oil 
content, fatty acid content, and a variety of morphological characteristics have been 
identified in soybean (Diers and Shoemaker, 1992; Diers et al. 1992a; Diers et al. 
1992b; Keim et al. 1990). The ability to follow chromosomal regions from parent to 
offspring, and through multiple generations has been shown (Shoemaker et al. 
1992; Lorenzen et al. 1994) Furthermore, it was demonstrated that RFLP loci 
associated with qualitative traits could be followed in a pedigree analysis 
(Lorenzen et al. 1994). A retrospective analysis of soybean cultivar development, 
from a population view, could potentially identify regions of chromosomes that have 
contributed to the improvement of cultivars, as well as regions which appear to be 
neutral to the selection pressures applied by breeders. The identification of these 
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regions is important to further our understanding of what has transpired molecuiariy 
during the breeding process, and to assist future breeding efforts. 
The purpose of this research was to (i) identify ioci within a generation of 
cuitivar development with an allele frequency statistically different from the 
ancestral population, (ii) identify loci with allele frequencies that show linear trends 
across generations of development and/or maturity groups, and (iii) determine the 
amount of genetic diversity which has been lost during each generation of cuitivar 
development. 
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MATERIALS AND METHODS 
Selection of Germplasm and RFLP Probe Analysis 
The germplasm lines used in this study, and the RFLP probe analysis 
performed were as previously described (Lorenzen et al. 1994) 
RFLP Allele Assignment 
The DNA fragment found to be the most common among the 64 genotypes 
was designated the "a" allele, with the second, third, and fourth most common 
fragments were designated the "b", "c", and "d" alleles, respectively. No more than 
four alleles were detected at any locus. These allele designations are specific for 
this set of genotypes, and do not necessarily represent the frequency of these 
alleles among all modern cultivars. 
Allele Frequency Determination 
Each generation of cultivars is composed of a unique combination of 
ancestral germplasm sources. The determination of an ancestral allele frequency 
in a given generation should not place equal weight on the allele present in each 
ancestral germplasm source, because the ancestral contributions were unequal. 
Therefore, weighted allele frequencies were necessary. These weighted allele 
frequencies took into account the theoretical proportion of the germplasm derived 
from an ancestral source, that was present in a generation of cultivars. For 
example, 'Lincoln' was not used as a parent in the derivation of the generation 1 
cultivars. Thus, at each locus, the allele present in Lincoln was not included in the 
calculations of ancestral allele frequencies in generation 1. However, in 
generation 2, Lincoln theoretically contributed 32% of the genetic information 
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present in the derived cultivars. Therefore, at each locus, the allele present in 
Lincoln was given a 0.32 weight in the calculation of ancestral allele frequencies in 
generation 2. 
The allele frequencies for 94 loci were calculated for each of the five 
generations. An in-house computer program written in Clipper® was used make 
these calculations. Four hundred seventy comparisons were made between 
ancestral and cultlvar allele frequencies. Cultivar allele frequencies were 
calculated by counting the number of cultivars with the "b" allele and dividing this 
number by the total number of cultivars. The frequency of the "a" allele was 
determined by subtracting the frequency of the "b" allele, and "c" allele (if present) 
from 1.0. 
Population Analyses 
Statistical comparison of ancestral and cultivar allele frequencies was done 
by Chi-square analysis. The weighted ancestral allele frequency was used as the 
expected value, and the observed allele frequency was calculated from the 
cultivars which made up each generation. The total number of expected and 
observed cultivars was based on the number of cultivars present In a generation. 
Population sizes of ten, 11, seven, six, and nine were analyzed in generations 1 -
5+, respectively. Generations 5 and 6 were pooled to obtain a larger sample size, 
and is referred to as generation 5+. Allele frequency deviations between ancestral 
lines and cultivars were reported as significant at a = 0.05 or less. 
Regression analyses of allele frequency on generation and maturity group 
were calculated in Microsoft Excel®, using a linear model. Population sizes of ten, 
nine, 11, eight, and five were analyzed in maturity groups O and I, II, III, IV and V, 
and VI and VII, respectively. Maturity groups were pooled to obtain larger sample 
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sizes. The population sizes for the generations of cuitivars was the same as listed 
above. An observed allele frequency change was considered linear at a = 0.05. 
The loss of an allele was determined by observing the generation in which 
the allele last appeared. For example, if an allele was only present in the ancestral 
generation, it was said to have been lost in generation 1. An allele present in 
generation 1, but not in any subsequent generations was considered to be lost in 
generation 2, etc. 
The proportion of the genome which contained the "a", "b", and "c" allele, 
respectively, was calculated by counting the number of loci which contained the 
"a", "b", and "c" alleles, respectively, and dividing that number by the total number 
of loci analyzed. 
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RESULTS AND DISCUSSION 
Allele Frequency Deviations 
Sixteen ancestral germplasm sources and 43 derived cultivars were 
analyzed at 94 RFLP loci (Table 1). The ancestral allele frequency was calculated 
for these 94 RFLP loci, located on 18 linkage groups, in each of five generations 
(Figure 1). The ancestral allele frequency predicted for each generation, at each 
locus, was compared by Chi-square analysis to the observed allele frequency for 
the cultivars derived in each generation. Each generation of cultivars was 
composed of a unique combination of ancestral lines. Therefore, it was necessary 
to calculate weighted ancestral allele frequencies. For example, Lincoln was not 
used as a parent in the derivation of generation 1 cultivars, therefore, Lincoln was 
left out of the calculation of ancestral allele frequencies in generation 1. However, 
in generation 2, Lincoln theoretically contributed 32% of the genetic information 
present in the derived cultivars. Therefore, the allele which was present in Lincoln 
received a 0.32 weighting in the calculation of each ancestral allele frequency for 
generation 2.. 
In generation 1, the allele frequency at only three loci was statistically 
different from the ancestral population. In generations two, three, four, and five+, 
six, seven, ten, and 14 loci, respectively, had allele frequencies statistically different 
from the ancestral population (Table 2). The number of loci where the allele 
frequency was different from the weighted ancestral allele frequency increased 
linearly across generations, p = 0.003 (Figure 2). The allele frequencies of A426-1-
b, B122-b, B216-b, and K494-1-b were lower than expected in two generations, 
the allele frequency of A071<b was higher than expected in two generations, and 
the allele frequencies of K007-b and K300-b were lower than expected in three 
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generations (Table 3). The allele frequency of A199-2-b was lower than expected 
in the second and third generations, and statistically higher than expected in the 
fourth generation (Table 3). 
The chromosomal locations of the loci which show allele frequency 
deviations were randomly scattered. At least one locus with an allele frequency 
significantly different from the weighted ancestral allele frequency appeared on 
linkage groups "A" through "N" of the USDA-ARS:RFLP molecular map, with the 
exceptions of "L" and "M", where no allele frequency significantly different from the 
weighted ancestral allele frequency was detected (Figure 1). Seven differences 
between weighted ancestral and cultivar allele frequencies were detected among 
five loci on linkage group "G", the largest number detected on a linkage group. 
Linkage group "G" appears to be a very "active" linkage group. Both Skorupska et 
al. (1993) and Lorenzen et al. (1994) reported linkage group "G" as being 
unusually polymorphic. Loci A635 and LI48, were located 2 cM apart on linkage 
group "C". The frequencies of A635-b and L148-b were statistically higher than 
expected in generation 5+. These loci are known to be linked to the T gene, which 
controls pubescence color (Shoemaker and Specht, 1994; Lorenzen et al. 1994). 
Three additional loci listed in Table 3 are linked to either qualitative or quantitative 
traits. Locus A199-2 is linked to both the Rps2 and Rj2 genes, which confer 
phytophthora resistance and control nodulation, respectively (Diers et al. 1992). 
Locus A586 is linked to Rps4, another phytophthora resistance gene, and locus 
A170 has been associated with the oleic acid quantity in the seed, a quantitative 
trait (Diers et al. 1992c; Diers and Shoemaker, 1992). There have been a limited 
number of qualitative and quantitative RFLP linkage studies done in soybean. 
Three of the loci with frequency differences between the ancestral population and 
the generation of cultivars are known to be linked to agronomic characteristics. 
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suggesting that these loci were subject to selection pressures, and not merely the 
result of random drift. 
After Mve+ generations of cultivar development, which represents cultivars 
released in the mid to late 1980s through early 1990s, 15% of the examined RFLP 
loci had allele frequencies that were statistically different from the weighted 
ancestral population, while 85% of the allele frequencies remained statistically 
unchanged. The fact that 85% of the loci present in modern cultivars have allele 
frequencies statistically the same as the ancestral lines introduced in the early 
1900s seemed remarkable. However, the lower the selection pressure, the more 
time it takes for an allele frequency to deviate from the original population 
(Falconer, 1989). The highest selection pressure on a population would be to 
eliminate lethal alleles, and thus their frequencies would deviate rapidly (Falconer, 
1989). Soybean, an inbred plant, is not expected to contain lethal alleles in its 
genome. Therefore, in a breeding program, the greatest selection pressure would 
be applied by the breeder selecting for agronomic traits. Many of these agronomic 
traits are quantitative in nature, and the same desirable phenotype can be 
achieved by more than one combination of alleles. The resulting selection 
pressure applied by a breeder selecting for these quantitative traits would be much 
lower than the selection pressure applied to a single qualitative trait, and it would 
take longer for an allele frequency to deviate from the ancestral population. 
It remains a possibility that the loci which show altered allele frequencies 
were the result of random drift. Fifteen of the 38 loci deviated in the upward 
direction, and 23 in the lower direction. This does not differ statistically from 50:50, 
which would be expected by random drift. 
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Significant Regressions 
In the preceding analysis, an allele frequency change of approximately 0.3 
was required for detection of a significant change. The exact change in allele 
frequency required for significance varied slightly between generations due to 
different population sizes. A change in allele frequency of this magnitude during 
one generation would require a strong selective advantage (or disadvantage). 
Regression analysis will potentially uncover a change in an allele frequency with a 
lower selective advantage (or disadvantage). These alleles may have increased or 
decreased linearly during the generations, but have not yet achieved the amount of 
change necessary to be significantly different from the weighted ancestral 
population. 
Regression analysis of the "b" allele frequency on generation was done for 
the 94 RFLP loci discussed above. Six loci showed significant linear trends, four 
with a decreasing "b" allele frequency, and two with an increasing "b" allele 
frequency (Table 4). Chromosomal locations of these loci were scattered, with the 
exception of A071-1 and K418-1, which are tightly linked on the USDA-ARS:RFLP 
molecular map (Figure 1). The alleles K418-1-b and A071-1-C both showed a 
significantly upward linear trend across the generations (Figure 3). Interestingly, 
the loci K418-1 and A071-1 (tightly linked to eachother) are linked to the Rpsi 
gene which confers resistance to phytophthora (Diers et al. 1992). Therefore the 
significant linear trends of these two loci may reflect selection for phytophthora 
resistant cultivars. 
Cultivars were also separated into populations based on maturity group. 
This separation was done to determine if there were any detectable environmental 
influences on allele frequencies. Maturity groups O and I were pooled to obtain a 
larger sample size, as were maturity groups IV and V, and VI and VII. Regression 
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analysis of the "b" allele frequency on maturity group was done for the same 94 loci 
as above. Ten loci showed significant linear trends, six with a decreasing "b" allele 
frequency, and four with an increasing "b" allele frequency (Table 5). The allele 
R017-b increased linearly from 0.00 in maturity groups O and I, to a frequency of 
0.40 in maturity groups VI and VII (Figure 4). This regression was significant at a = 
0.00003, suggesting linkage to a gene which is more favorable in southern 
environments. 
Three "pairs" of linked loci showing significant linear trends were observed 
in the regression analysis of allele frequency on maturity group. Loci A593 and 
A519-1 were separated by 28 cM on linkage group "B" of the USDA-ARS:RFLP 
molecular map, and both loci showed a significant decrease in the frequency of the 
"b" allele across maturity groups (Figure 1). Likewise, loci A095 and A257 were 
separated by 17 cM on linkage group "D" of the USDA-ARS:RFLP molecular map, 
and both loci showed a significant decrease in the frequency of the "b" allele 
across maturity groups (Figure 1). The final pair of linked loci that showed linear 
trends were A071-1 and K418-1. These two loci are tightly linked on linkage group 
"N" of the USDA-ARS;RFLP molecular map (Figure 1). A071-1-b and A071-1-C 
both show a significant increase across maturity groups, as well as K418 1-b. As 
mentioned above, these loci are linked to the Rpsi gene (Diers et al. 1992). Locus 
Al 99-2, as previously mentioned, has been linked to both Rps2 and RjZ. 
Additionally, locus A095 is potentially linked to a gene controlling palmitic acid 
content. Locus A095 is located 14.3 cM from locus A611, which was shown by 
Nickell et al. (1993) to be linked to the Fap2 locus controlling palmitic acid quantity. 
Locus A611 was not tested in this study. 
The idea that an allele is more advantageous in a particular environment is 
not new, nor is the idea of a dine (linear increase or decrease) of an allele 
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frequency across environments (deVincente et al. 1993; Falconer, 1989). Alleles 
which control the time of maturity will differ across environments, as will genes 
influenced by other environmental differences, such as soil type, temperature, 
precipitation, and types of pathogens. It can easily be envisioned how an allele 
suited for the summer temperatures of northern Minnesota could be at a selective 
disadvantage in southern Georgia summer. 
Theoretical equations are not available to determine if the observed 
changes in allele frequency are an expected result of random drift. However, the 
number of significant regressions expected at random was tested by randomizing 
this population and determining the number of significant linear trends in allele 
frequency that occurred in these randomized populations. The cultivars in this 
study were first divided into five equal "populations" by alphabetical order. This 
resulted in a mixture of both generation and maturity group within each population. 
Regression analysis of the "b" allele frequencies of two loci showed significant 
linear trends. Next, The cultivars were divided into five equal populations by 
numbering 1 through 5 down the alphabetized list, and sorting by number. 
Regression analysis of this random sort resulted in four loci which showed 
significant linear trends of the "b" allele frequency. Thus, by modeling, it appeared 
that between 20% and 67% of the linear trends could be truly random in nature. It 
is not possible at this point, to determine which linear trends were random, and 
which are not. However, across environments, the linear trends were highly 
significant, and potentially represent loci possessing alleles that show a selective 
advantage in a particular maturity group. In three instances, two linked loci showed 
the same directional change. Furthermore, three of these loci have been 
previously linked to agronomic characteristics. 
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Loss of Diversity 
Twenty percent of the diversity present in the ancestral population was 
reported to have been lost due to genetic drift in cultivars released between 1971 
and 1981 (St. Martin, 1982; Cox et al. 1985; Carter, 1993). This calculation was 
based on coefficient of parentage values. RFLP analysis of 94 loci resulted in a 
much lower estimate. In generation 1, there were thirteen alleles in the ancestral 
population that were not found in generation 1 cultivars. Two of these alleles, 
A036-b and A946-1-b, never appeared after the ancestral generation, and thus, 
were lost. The remaining 11 alleles, while not present in generation 1 cultivars, 
were reintroduced in later generations (Table 6). In generation 2 cultivars, 16 
alleles were not present that appeared in the ancestral generation and/or 
generation 1. Two of these alleles, K070-b and A481-b never appeared after the 
first generation of cultivars, and thus were lost (Table 6). Again, the remaining 14 
alleles were reintroduced in later generations. In generation 3 cultivars an 
additional three alleles were lost, A199-1-b, B032-1-b, and K636. Eleven 
additional alleles were not present in generation 3, but were reintroduced in later 
generations (Table 6). In generation 4, three alleles were lost, A374-b, A946-2-b, 
and T036-b, and sixteen additional alleles not present in generation 4 were 
present in generation 5+. In generation 5+, seven alleles were absent, A112-b, 
A186-b, A333-b, A487-b, A586-b, A668-b, and L161-b (Table 6). It can not be 
determined if these alleles have been truly lost until further generations are 
evaluated for reintroduction of these alleles. The cumulative percentage of "lost" 
alleles was 10.6% after generation 4 (Table 6). This estimate of the loss of diversity 
is only half of the 20% predicted by St. Martin (1982) and Cox et al. (1985). An 
extrapolation of the predicted regression line in Figure. 3 would estimate that 
16.1% of the alleles segregating in the ancestral population would be lost after six 
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generations of cultivar release, the greatest number of generations analyzed in this 
study, and representing cultivars released in the mid to late 1980s and early 1990s. 
Sixty percent of the "lost" alleles were rare in the ancestral population. That 
is, of the ten alleles lost during generations one through four, six of them were rare, 
being present only in ancestral germplasm which contributed less than 5% of the 
germplasm present in the derived cultivars. The remaining 40% of the lost alleles 
were not rare in the ancestral population, nor was every rare allele lost. This is 
consistent with Lorenzen et al. (1994) where it was demonstrated that rare alleles 
are sometimes retained and can be followed through multiple generations in a 
pedigree. 
This study supports the earlier hypothesis that the narrow genetic base and 
cyclic breeding strategy have resulted in a loss of genetic diversity (St. Martin, 
1982; Cox et al. 1985). However, the rate at which this genetic diversity has been 
lost was much lower based on RFLP analysis than on coefficient of parentage 
values. In addition, this analysis showed that there was a continuous 
reintroduction of genetic diversity into the soybean breeding pool. 
One consequence of the loss of diversity was that cultivars were fixed at the 
"a" allele for these loci. Thus, one might envision that as the generations of 
cultivars are released, the proportion of the genome which contains the "a" allele 
might increase. The number of "a", "b", and "c" alleles in each cultivar were 
counted to determine their proportion in the genome. The proportion of "a" alleles 
in the ancestral generation (unweighted) was 0.72. The proportion of "a" alleles in 
generation 5+ was 0.78. Although this was an increase of 6%, it was not linear 
(Table 6). Likewise, the proportion of "b" and "c" alleles did not change linearly. 
The same analysis was performed on cultivars sorted by maturity group. The 
proportion of "a" and "b" alleles did not appear to change linearly across maturity 
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groups (Table 7). The frequency of the "c" allele, however, increased among later 
maturity groups, with a proportion of 0.003 in maturity groups 0 and I, and a 
proportion of 0.024 in maturity groups VI and VII (Table 7 and Figure 5). Although 
striking, this increase was not statistically significant using a linear model. 
Excluding the pooled maturity groups O and I, the proportion of the genome that 
contained the "c" allele increased exponentially across maturity groups. It must be 
kept in mind, however, that the proportion of the genome that contained the "c" 
allele was very small, with only 2.4% of the loci in maturity group VI and VII cultivars 
contained the "c" allele. 
Summary 
Through six generations of soybean breeding, 85% of the alleles in the 
genome remained at statistically the same frequency as the weighted ancestral 
population. Six and ten loci had allele frequencies which showed linear trends 
across the generations of cultivar development and maturity groups, respectively. 
We know of no statistical test to determine if these changes are due to genetic drift, 
but modeling using random sorting of the cultivars produced two and four 
significant linear trends, respectively. Loci showing linear trends had previously 
been associated with the qualitative genes Rps^, Rps2, Fap2, and Rj2, and oleic 
acid content. The proportion of the genome containing the "a", "b", and "c" alleles 
did not change across generations. The proportion of the genome that contained 
the "a" and "b" allele did not change across maturity groups either. However, the 
proportion of the genome that contained the "c" allele increased among later 
maturity groups. 
The allele loss reported in this study was 10.6% after four generations of 
cultivar development. The loss of genetic diversity is subject to both selection and 
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random drift. At this time, we know of no statistical means to separate the two. The 
rate at which these alleles were lost was linear, with an average of 2.86% of the 
alleles lost per generation (p = 0.003). Loss of diversity is generally reported as a 
negative feature of soybean breeding (St. Martin, 1982; Cox et al. 1985; Carter, 
1993). We propose, however, that diversity loss is not necessarily a negative 
process. Some of the alleles contained in soybean germplasm are most likely not 
favorable agronomic contributors. The loss of these alleles would be a positive 
achievement of the soybean breeding process. The question remains, though, 
how to distinguish between diversity loss that has contributed to the improvement 
of cultivars, and diversity loss that has inhibited, or slowed the improvement of 
cultivars. This can and will only be determined by locating the genes which are 
responsible for agronomic characteristics, and further development of theoretical 
population genetics equations which can be applied to the allele frequency 
changes that have occurred during soybean cultivar development. 
The process of cultivar development, as suggested by this analysis, does not 
appear to converge on one "ultimate" genotype. Rather, it appears that a general 
"shuffling" of alleles has occurred, bringing together different combinations of 
favorable alleles. Soybean is an inbred plant, thus there are no deleterious 
recessive alleles that need to be "weeded out" during cultivar development. 
Rather, there are only alleles which are agronomically more or less favorable than 
others. It is likely that an allele by itself is not agronomically advantageous, but, is 
advantageous in combination with one or more other alleles. Only through intense 
efforts to map these agronomically important genes will it be possible to correlate 
the obsen/ations made in this study with the agronomic changes that have 
occurred during cultivar development. To this end, loci showing deviations and 
linear trends lend themselves to further experimentation. 
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Table 1. Sixteen ancestral lines and 43 derived cultivars are listed. The 
genertation of development is listed for both ancestral lines, and cultivars, and 
the maturity groups are indicated for the cultivars. 
Name Generation Name Generation Maturity Name Generation Maturity 
Group Group 
Ancestral Line Cultivar Adelphia 3 III 
Mandarin Ottawa At Pagoda 1 0 Wayne 3 IH 
Richland A Acme 1 0 Hobbit 5+ IH 
AK Han-ow A Capital 1 0 Calland 3 IH 
Mukden A Evans 3 0 A3127 5+ III 
mini A McCaH 4 0 FT1950 5+ III 
Dunfield A Merit 2 0 Pella 4 III 
CNS A Blackhawk 1 1 Adams 1 III 
Manitoba Brown A Chippewa 2 1 Williams 4 III 
S100 A Hark 2 1 Kent 2 IV 
Lincoln A A1564 3 1 Bonus 4 IV 
Haberlnadt A Hawkeye 1 1 Clark 2 IV 
Patoka A Century 5+ 1 Perry 1 IV 
PI71506 A Amsoy 2 1 Dorman 1 V 
Arksoy A Beeson 3 1 Essex 5+ V 
Roanoke A A2943 5+ 1 Hutcheson 5+ V 
Ogden A B216 4 1 York 4 V 
BSR201 5+ 1 Lee 1 VI 
Corsoy 2 1 Hood 3 VI 
Harosoy 1 1 Ransom 5+ VIII 
Ford 2 III N44.92 2 NA$ 
Shelby 2 III N45-2994 2 NA 
t Ancestral generation 
* Maturity group was not available 
Table 2. A summary of the number of loci, 
and the percentage of the genome, which 
showed significant deviations from the 
ancestral population from which they were 
derived. 
Generation No. of Deviated Percent of 
Loci genome 
1 3 3.20 
2 6 6.40 
3 7 7.50 
4 1 0 11.0 
5 + 1 4 1 5.0 
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Table 3. Loci that had allele frequencies that deviated significantly from the 
ancestral population from which they were derived. The frequency of the "b" 
allele is shown, and the direction of the deviation is indicated. 
Allele Weighted Cultlvar Chi-square «-value Directional change 
ancestral allele frequency of the "b" allele 
"b" frequency 
Generation 1 
B039-b 0.56 0.10 8.59 0.01 Down 
K007-b 0.82 0.56 4.38 0.05 Down 
A071-1-b 0.00 0.30 4.30 0.05 Up 
Generation 2 
A071-1-b 0.16 0.36 4.17 0.05 Up 
A199-2-b 0.22 0.50 4.57 0.05 Up 
B216-b 0.50 0.00 11.00 0.01 Down 
K007-b 0.42 0.18 6.64 0,01 Down 
K494.1-b 0.56 0.18 6.52 0.05 Down 
T092-b 0.20 0.45 4.45 0.05 Up 
Generation 3 
A199-2-b 0.21 0.57 5.31 0.05 Up 
A426-3 b 0.27 0.71 6.94 0.01 Up 
B122-b 0.16 0.36 4.17 0.05 Up 
8212-b 0.31 0.71 5.42 0.05 Up 
K007-b 0.47 0.14 5.33 0.05 Down 
K300-b 0.37 0.43 5.92 0.05 Down 
R017-b 0.08 0.14 10.50 0.01 Up 
Generation 4 
A170-b 0.18 0.50 4.02 0.05 Up 
A199-2-b 0.19 0.80 11.25 0.01 Down 
A426-3-b 0.15 0.50 5.76 0.05 Up 
A702-b 0.64 0.17 5.62 0.05 Down 
B032-2-b 0.22 0.67 7.16 0.01 Down 
B216-b 0.53 0.10 3.89 0.05 Down 
K300-b 0.35 0.00 4.91 0.05 Down 
K455-b 0.16 0.50 4.80 0.05 Up 
K494-1-b 0.55 0.00 9.71 0.01 Down 
Generation 5+ 
A086-b 0.20 0.71 11.60 0.01 Up 
A487-b 0.31 0.00 4.06 0.05 Down 
A586-b 0.48 0.00 8.23 0.01 Down 
A635-b 0.42 0.89 8.03 0.01 Up 
A691-b 0.47 0.00 7.87 0.01 Down 
A693-b 0.43 0.11 4.21 0.05 Down 
B122-b 0.49 0.11 5.89 0.01 Down 
K069-1-b 0.15 0.50 7.68 0.05 Up 
K300-b 0.30 0.13 4.27 0.05 Down 
L148-b 0.40 0 00 8.02 0.01 Down 
L161-b 0.53 0.00 10.29 0.01 Down 
R183-b 0.51 0.13 5.46 0.05 Down 
T036-b 0.37 0.00 5.58 0.05 Down 
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Table 4. Loci in which allele frequencies show a significant linear trend 
across generations are shown. The allele frequencies are shown for the 
"b" allele, with the exception of locus A071-1. A071-C is the only allele at 
this locus that showed a significant linear trend. 
Allele Frequency 
Allele Generation Generation Generation Generation Generation R2 p-value 
1 2 3 4 5+ 
A199-1-b 0.20 
B032-1-b 0.11 
K636-b 0.22 
A378-b 0.56 
K418-1-b 0.11 
A071-1-C 0.10 
0.09 0.00 
0.09 0.00 
0.14 0.00 
0.38 0.50 
0.10 0.14 
0.10 0.14 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.20 0.13 
0.20 0.29 
0.17 0.22 
0.77 0.05 
0.79 0.04 
0.80 0.04 
0.78 0.05 
0.87 0.02 
0.92 0.01 
Table 5. Loci in which allele frequencies show a significant linear trend 
across maturity groups are shown. The allele frequencies are shown for 
the "b" allele. Locus A071-1 had three alleles, and the frequencies for the " 
b" and "c" alleles are shown. 
Allele Frequencies 
Allele Maturity Maturity Maturity Maturity Maturity R2 p-value 
groups group II group III groups groups 
Oand I IV and V VI and VII 
A 0 9 5 - b  0 . 6 5  0 . 4 4  0 . 1 8  0 . 0 0  0 . 0 0  0 . 9 6  0 . 0 0 8  
A 2 5 7 - b  0 . 5 6  0 . 4 4  0 . 4 5  0 . 1 3  0 . 0 0  0 . 9 0  0 . 0 1  
A 5 1 9 - 1  -b 0 . 7 0  0 , 3 7  0 . 1 0  0 , 1 4  0 . 0 0  0 . 8 5  0 . 0 3  
A 5 9 3 - b  0 . 5 5  0 , 4 4  0 . 0 9  0 , 0 0  0 . 0 0  0 . 8 8  0 . 0 2  
B 1 2 2 - b  0 60 0 , 5 6  0 . 4 5  0. , 2 9  0 , 2 0  0 . 9 7  0 . 0 0 2  
B 2 1 2 - b  0 70 0 67 0 . 5 0  0 37 0 , 2 0  0 . 9 7  0 . 0 0 3  
A 1 9 9 - 2  -b 0 33 0, 33 0 . 6 0  0, 62 0 75 0 . 9 0  0 . 0 1  
K 4 1 8 - 1  -b 0 00 0, 11 0 . 0 9  0. 27 0 40 0 . 9 1  0 . 0 1  
R 0 1 7 - b  0. 00 0. 11 0 . 2 0  0. 29 0. 40 0 . 9 9 8  0 . 0 0 0 0 3  
A 0 7 1 - 1 -•c 0. 00 0. 11 0 . 0 9  0. 25 0. 40 0 . 9 0  0 . 0 1  
A 0 7 1 - 1  -b 0. 10 0. 11 0 . 0 9  0. 38 0. 60 0 . 7 8  0 . 0 5  
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Table 6. The number of alleles that were lost in each generation 
and/or reintroduced in later generations. The percentage for 
generations 5 and 6 appear in brackets because no information was 
available concerning réintroduction, and the presented value was 
obtained by extrapolation of the calculated linear regression line. 
Generation Number of Number of Cumulative Number of 
alleles absent alleles lost percentage of reintroduced 
lost loci alleles 
1 1 3 2 2 . 1  1 1 
2 1 6 2 4 . 3  1 4 
3 1 4 3 7 . 4  1 1 
4 1 9 3 1 0 . 6  1 6 
5 + 7 ? ( 1 6 . 1 1  ? 
Table 7. Proportion of the genome that contained 
the "a", "b", and "c" alleles, respectively, in each 
generation. 
Generation Proporation Proporation Proporation 
"a" allele "b" allele "c" allele 
0 0 . 7 2  0 . 2 7  0 . 0 1 1  
1 0 . 7 4  0 . 2 6  0 . 0 0 5  
2 0 . 7 4  0 . 2 6  0 . 0 0 7  
3 0 . 7 2  0 . 2 7  0 . 0 0 6  
4 0 . 7 3  0 . 2 7  0 . 0 0 7  
5 + 0 . 7 8  0 . 2 1  0 . 0 0 9  
Table 8. Proportion of the genome which contained 
the "a", "b", and "c" allele, respectively, in each 
maturity group. 
M a t u r i t y  P r o p o r a t i o n  P r o p o r a t i o n  P r o p o r a t i o n  
Group "a" allele "b" allele "c" allele 
Oand 1 0 . 7 3  0 . 2 6  0 . 0 0 3  
II 0 . 7 4  0 . 2 6  0 . 0 0 2  
I I I  0 . 7 6  0 . 2 4  0 . 0 0 4  
IV and V 0 . 7 4  0 . 2 5  0 . 0 1 0  
VI and VII 0 . 7 1  0 . 2 6  0 . 0 2 4  
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Figure 1. RFLP map showing polymorphic loci found in 64 cultivars. Numbers 
to the left of the linkage groups indicate the position of the locus, relative to the 
top (0). 
134 
No. of Deviated 
Loci 
Predicted 
Regression Line 
Generation 
Figure 2. The number of loci in each generation with allele frequencies 
that deviate from the ancestral population, compared to the predicted 
linear regression line. 
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Figure 3. Tfie frequency of A071-1-C and K418-1-b is plotted for each 
generation. The change in allele frequency of both loci fit a linear model. 
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Figure 4. The frequency of ROI 7-b is plotted for each maturity group. 
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PAPER 5. MOLECULAR RELATIONSHIPS AMONG SOYBEAN 
ANCESTRAL TYPES 
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ABSTRACT 
Before hybridization programs began in the 1930s, new cultivars were 
chosen from either Plant Introductions that originated primarily from Japan, China, 
and Korea, or as "pure line" selections from existing varieties. These "pure-line" 
selections were often thought to have arisen as a mutation in the existing variety. 
To determine if the selections made from existing varieties were derived by 
mutation events, 108 ancestral lines, which belonged to 18 ancestral types, were 
analyzed at between 37 and 50 RFLP loci to determine their genetic relationships. 
An ancestral type was defined as all progenitor cultivars with the same common 
name (or a name derivation of the same common name), and subsequent 
selections made from the progenitor cultivar(s). 
Mutation did not appear to play a key role in the derivation of selections 
from ancestral lines. Mutation may have contributed to selections made from 
Arksoy, Habaro, Peking, and Wilson, but this could not be determined 
unambiguously. The ancestral line AK was previously known to be a 
heterogeneous seed mixture, and the ancestral line Manchu was suspected as 
such. RFLP analysis supported the hypothesis that Manchu was introduced as a 
heterogeneous line, and revealed that Mandarin was also potentially introduced as 
a heterogeneous line. 
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INTRODUCTION 
The soybean was introduced into the United States primarily from Japan, 
China, and Korea (Delannay et al, 1983). Before hybridization programs began in 
the 1930s, new cultivars were derived from either new Plant Introductions, or as 
"pure line" selections from existing varieties. These "pure-line" selections were 
often thought to have arisen as a mutation in the existing variety. For example, 
Morse and Carter (1937) reported that 'Avoyelles', a medium-sized, black-seeded 
variety arose as a mutation in the small-sized, black-seeded variety 'Otootan'. In 
addition, early literature reported that the cultivar 'Trenton' arose by mutation from 
Mammoth Yellow, and that 'Riceland' appeared to show mutation events when 
planted in a different environment (Morse and Carter, 1937; Piper and Morse, 
1910). 
In several instances, more than one selection was made from an ancestral 
line. For example, two selections were made from each of the ancestral lines 
'Ebony', 'Habaro', 'Haberlandt', 'Mammoth Yellow', 'Manchuria', 'Morse', and 
'Peking' (Bernard et al. 1988). Three selections were made from each of the 
ancestral lines 'AK', 'Mandarin', and Otootan, while seventeen selections were 
made from 'Manchu' (Bernard et al. 1988 ). It is unlikely that all of these selections 
were the result of mutation events. Therefore the relationships between the 
ancestral line and the selections, as well as relationships between the selections 
themselves, are questionable and subject to an 'educated guess'. In one case, 
'Pekwa' and 'Kingwa' were both selected from Peking. Later, the cultivar Pekwa 
was renamed Kingwa because the two cultivars were "practically indistinguishable" 
(Garber, 1936). 
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It was not uncommon for more than one of the ancestral Plant Introductions 
to have been assigned the same name. For example, three cultivars with the name 
Mammoth Yellow appear in the GRIN database with unique Plant Introduction 
numbers. 'Hollybrook' was reported as a selection from Mammoth Yellow. The 
presence of three cultivars named Mammoth Yellow makes it difficult, If not 
impossible to determine which Mammoth Yellow was the reported progenitor of 
Hollybrook. 
In the pedigrees of modern soybean cultivars, there are at least three 
instances where the true relationship between ancestral lines is unknown. These 
relationships must be estimated in order to determine coefficient of parentage 
values. First, the relationship of Mandarin, and one of its selections. Mandarin 
(Ottawa), was assigned a coefficient of parentage value of 0.5 because the two 
lines differ in at least two physical characteristics (Carter et al. 1993). Alternately, 
this relationship was assigned a value of 0.0 by Allen and Bhardwaj (1987), and a 
value of 1.0 by St. Martin (1982). Second, 'Mansoy' was reported as one of 17 
selections from Manchu. Carter et al. (1993) elected to use a coefficient of 
parentage value of 0.5 between these two lines because Manchu was likely a 
heterogeneous ancestral introduction. Finally, 'AK (Harrow)' and 'lllini' were both 
selected from AK (a known heterogeneous seed source), and 'SI00' was selected 
from lllini. Carter et al. (1993) assigned a coefficient of parentage value of 1.0 
between AK (Harrow) and lllini, and a value of 0.5 between SI 00 and both AK 
(Harrow) and lllini. 
While these assignments of coefficient of parentage values are valid based 
on the available information, techniques involving DNA analysis could help in the 
assessment of the pedigree relationships between these aforementioned cultivars. 
In a previous study involving AK, Manchu, Mandarin, Manchuria, and 13 selections 
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from them were analyzed at 32 RFLP loci. Differences were detected between all 
cultivars with the exception of 'Manchu 3' and 'Manchu 606', (Lorenzen et al. 
1993). 
The purpose of this research was to i) determine if the selections made from 
ancestral cultivars were likely derived by mutation or some other phenomenon 
such as an outcross event, an accidental seed mixture, or a heterogeneous 
ancestral line, and ii) determine the relationships of ancestral lines that were 
introduced with the same name, but which have different Plant Introduction 
numbers assigned to them. 
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MATERIALS AND METHODS 
Selection of Germplasm 
The names of 18 ancestral "types", which included the ancestral progenitor, 
subsequent selections, and accessions with name derivations of the ancestral 
progenitor were obtained from information in the technical bulletin "Origins and 
Pedigrees of Public Soybean Varieties in the United States and Canada" (Bernard 
et al. 1988), the GRIN Database, and Soybase, a soybean genome database. 
Seed was kindly provided by Dr. Randall Nelson, USDA-ARS,curator of the 
soybean germplasm collection. Table 3 of the technical bulletin was searched for 
all "old domestic varieties" whose pedigree was reported as "selected from (an 
ancestral line)". Next, the information from the GRIN database was searched via 
Soybase (a USDA-ARS Plant Genome Office funded soybean database). The 
name of each ancestral line from which another line had been selected was 
searched. Often, the name of an ancestral line was assigned to more than one 
Plant Introduction number. For example, the name 'Dunfield' was reported for both 
P1548318 and PI548422. The pedigree of 'Earlyana' was reported as "selected 
from Dunfield", with no indication of the Plant Introduction number. Therefore each 
entry found in Soybase that had the same name as (or a name derivation of) the 
searched ancestral line was included in the analysis. For example, 'Mandarin 2' 
was considered a Mandarin type even though it had no reported pedigree. The 
country of collection was reported in Table 1 for the soybean lines with no reported 
pedigree. The Information about the country of origin was obtained from the GRIN 
database. In total, 108 soybean ancestral lines distributed between 18 ancestral 
types were analyzed. 
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RFLP Probe Analysis 
The DNA from these 108 soybean ancestral lines were digested with five 
restriction endonucleases, Dra I, EœR I, EœR V, Hind III and Taq I. Fifty genomic 
DNA probes, selected from the core set reported by Lorenzen et ai. (1994), were 
screened against the members of each ancestral type, using probe/enzyme 
combinations identical to those used in preparation of the UDSA-ARS:RFLP map 
(Shoemaker and Olson, 1993). Extraction of DNA, restriction endonuclease 
digestions, electrophoresis. Southern Transfer, and DNA hybridizations were 
performed as described previously (Keim et al. 1990). 
Diversity Analysis 
Soybean lines within each ancestral type were analyzed in all two-by-two 
comparisons to determine values of genetic diversity Genetic diversity values were 
calculated by dividing the number of loci in which the two lines contained different 
RFLP fragments by the total number of RFLP loci examined. For example, if 50 loci 
were analyzed and the two lines were polymorphic at 10 of these loci, they were 
assigned a genetic diversity value of 0.20. An RFLP locus which had missing data 
in either of the two lines being compared was not included in the total number of 
RFLP loci analyzed. With the elimination of missing data, cultivars were compared 
at between 37 and 50 RFLP loci. An in-house computer program, written in 
Clipper®, was used to calculate the genetic diversity values. 
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RESULTS AND DISCUSSION 
Each ancestral line, and its subsequent selections will be referred to as a 
"type", as described in the materials and methods. For example, 'AK (FC30761)', 
AK (Kansas)', AK (Harrow), lllini, and 8100 are all AK "types" (Table 1). A total of 
108 soybean lines distributed among 18 ancestral types were analyzed at between 
37 and 50 RFLP loci to determine the relationships between the members of each 
type (Table 1) 
There has been frequent speculation about the role played by mutation in 
the derivation of these ancestral types. If the selections made from the ancestral 
lines were due to mutation, little or no molecular diversity should be present 
between the two lines. Theoretically, a mutation only affects one portion of the 
genome. The odds that this mutation event would be uncovered by a selection of 
50 random genomic probes is very small. However, to allow for possible 
subsequent mutations, for loci which may have been heterozygous in the original 
ancestral line, and for human error, the authors have elected to not rule out 
mutation as a factor unless more than two RFLP loci showed DNA fragment size 
polymorphisms between two members of a type. If three or more DNA fragment 
size polymorphisms were present between members of a type, either an outcross 
event, accidental seed mixture, or heterogeneous ancestral line was thought to be 
the probable origin of the selection. We know of no test to unambiguously 
distinguish between an outcross event, an accidental seed mixture, or a 
heterogeneous ancestral line. However, if two or more selections made from an 
ancestral line (selected at different geographical locations) were very closely 
related to each other and more distantly to the presumed progenitor, the progenitor 
ancestral line was likely heterogeneous. 
146 
AK Types 
AK was introduced from China in 1912 as "All Kinds", an acknowledged 
heterogenous seed mixture (Table 1). AK (FC30761), lllini, AK (Harrow), and AK 
(Kansas) were selected from AK. AK (Harrow) (selected by 1928) was reported as 
"identical" to lllini (selected in 1920), and SI00 (selected in 1938) was selected 
from lllini as a "possible maturity mutant" (Table 1). RFLP analysis of 48 loci 
revealed seven polymorphisms (15%) between S100 and lllini, which made it 
unlikely that S100 arose as a simple maturity mutant (Table 2). Alternatively, 
analysis of 47 loci did not reveal any polymorphisms between AK (Harrow) and 
lllini (Table 2). Considering that these cultivars were selected in distant locations 
(Canada and the state of Illinois), and have been maintained for over 50 years, the 
similarity was remarkable and suggested that AK (Harrow) and lllini were, in fact, 
selections from the same inbred plant within the original AK seed introduction. The 
remaining comparisons within the AK type showed genetic diversity values 
between 0.29 and 0.38, which was consistent with either outcross events, or 
selections from a seed mixture. 
Arksoy and Ralsoy 
The ancestral line 'Arksoy' was introduced from North Korea in 1914 and 
released as a cultivar in 1937. 'Ralsoy' was selected from Arksoy in Arkansas and 
released as a cultivar in 1940 (Table 1). RFLP analysis of 48 loci did not reveal 
any polymorphisms between Arksoy and Ralsoy. Therefore Ralsoy may have been 
derived from a mutation event (Table 3). 
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Biloxi Types 
The ancestral line 'Blloxl' was Introduced from China in 1908 and released 
as a cultivar In 1918. 'White Blloxl' was selected from Blloxl In Stoneville, MS and 
released as a cultivar by 1939 (Table 1). The cultivars 'Yellow Blloxl 12' and 
'Yellow Biloxi 37', originated in the Philippines and were considered Biloxi types 
for this research because of their similar names (Table 1). White Biloxi and Biloxi 
were polymorphic at 11 out of 39 analyzed loci, and thus White Biloxi was not likely 
derived by a mutation event (Table 4). The comparisons within the Biloxi type had 
genetic diversity values that ranged from 0.11 to 0.28, consistent with origin as an 
outcross event, seed mixture, or heterogeneous ancestral line (Table 4). Yellow 
Biloxi 12 and Yellow Biloxi 37 were more similar to Blloxl than was White Blloxl. 
Clemson Types 
The ancestral line 'Clemson' was Introduced from China in 1927 and 
released as a cultivar in 1939 (Table 1). CNS (Clemson Non-Shattering) was 
reported as a selection from Clemson, but was more likely the cultivar 'Nanking' 
(Table 1). Unfortunately, Nanking was not Included in this analysis, so this 
relationship could not be resolved. Several selections have presumably been 
made from CNS (or as other non-shattering selections from Clemson), and are 
listed in Table 1. CNS 65F, and the sublines P1438435A and PI438435B were 
collected In Morocco, while CNS 80A, CNS 89A and CNS 89B were collected in 
Algeria. The sublines CNS 89A and CNS 89B, and sublines CNS 657 
(PI438435A) and CNS 657 (PI438435B), were polymorphic at 22% and 30% of the 
RFLP loci tested, respectively (Table 5). CNS 65F and CNS 657 (PI438.435A), 
were identical at the 43 loci analyzed, and CNS 89B and CNS 657 (PI438.435B) 
were polymorphic at only one of 48 loci analyzed (Table 5). Thus, sub-lines 
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appeared more distantly related to each other than to other CNS types. These 
results suggested that the progenitor Clemson/CNS may have been a 
heterogeneous cultivar, or that an accidental seed mixture resulted in the 
separation of sublines PI438.435A an PI438.435B and CNS 89A and CNS 89B. 
This latter explanation is more likely because the closely related CNS types were 
collected in different countries. 
Cloud and Sooty 
The ancestral line 'Cloud' was introduced from China in 1905 and released 
in 1910 as a cultivar. 'Sooty' was selected from Cloud in 1907 in Arlington, VA 
(Table 1). RFLP analysis of 49 loci revealed 13 polymorphisms between Cloud 
and Sooty, which indicated that Sooty was not likely derived from a mutation event 
(Table 3). 
Dunfield Types 
The ancestral lines named Dunfield, PI548318 and PU 53243, were 
introduced from China in 1923 and Belgium, respectively (Table 1). The cultivar, 
Earlyana was selected from Dunfield in Indiana and released as a cultivar in 1939 
(Table 1). RFLP analysis of 39 and 43 loci revealed 11 and 5 polymorphisms 
between Earlyana and PI548314 and Earlyana and P1153243, respectively.(Table 
3). The two cultivars named Dunfield were polymorphic at 26% of the tested loci 
(Table 3). Earlyana was not likely derived by a mutation event, and although 
Earlyana was more closely related to P1153243 than PI549318, its origin could not 
be determined unambiguously. 
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Ebony Types 
The ancestral lines named Ebony, PI548321, PI157421, PI438490A, and 
PI438490B were introduced from North Korea, Korea, and the two sublines were 
introduced from the U.S., respectively (Table 1). 'Ilsoy' and T16' were both 
selected from Ebony in Illinois and released as cultivars by 1927 and 1930, 
respectively. (Table 1). RFLP analysis indicated that these cultivars were all very 
different, as the genetic diversity values ranged from 0.13 to 0.41. Therefore Ilsoy 
and T16 were not likely derived from mutation events within Ebony (Table 6). The 
two sublines PI438490A and PI438490B were polymorphic at 20% of the RFLP loci 
tested, therefore these two sublines were not likely separated due to a mutation 
event (Table 6). It could not be determined which ancestral line named Ebony was 
the progenitor of llosy and T16, and it was likely that they were derived from an 
accidental seed mixture, or an outcross. It is possible that the ancestral Ebony 
introduction was heterogenous. However only two selections were made from 
Ebony and the two selections were polymorphic at 31 % of the tested loci, which 
made origin from a heterogenous cultivar unlikely (Table 6). 
Habaro Types 
In 1907, the ancestral line Habaro was introduced from Siberia, and 
released as a cultivar in 1910 (Table 1). 'Chestnut' and 'OAC 211' were selected 
from Habaro, in Virginia and Ontario, respectively. 'Goldsoy' was selected in 
Ontario from OAC 211 (Table 1). Chestnut and Habaro were polymorphic at 15 out 
of 40 tested loci. (Table 7). OAC 211 differed from Habaro at only one out of 39 
tested loci (Table 7). Goldsoy, in turn, differed from OAC 211 at only two of the 48 
tested loci (Table 7). Therefore, OAC 211 was potentially derived from a mutation 
in Habaro, and Goldsoy was potentially derived from a mutation event in OAC 211. 
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Alternatively, an outcross event could have taken place between Habaro and 
another soybean line in Ontario, and OAC 211 was still heterozygous at some loci 
when It was selected from Habaro. Goldsoy, in turn, could have been a selection 
from OAC 211 that had been fixed at the heterozygous loci. These are only two of 
the possible origins of 0AC211 and Goldsoy, and there are undoubtedly other 
possibilities of equal likelihood. 
Haberlandt Types 
The ancestral lines named Haberlandt, PI538465 and PI438343 were 
collected in Korea by 1907 and Australia, respectively (Table 1). 'Hurrelbrink' and 
'Rose Non Pop' were both selected from Haberlandt in Illinois (in 1902) and North 
Carolina (in 1942), respectively (Table 1). Analysis of 41 loci indicated that 
Hurrelbrink and Rose Non Pop were not derived from a mutation event in either of 
the Hablerlandt ancestral lines (Table 8). All comparisons with the Haberlandt 
were consistent with origin as an outcross event, or an accidental seed mixture, as 
the genetic diversity values ranged from 0.20 to 0.41. As discussed previously in 
relation to Ebony types, it is not likely that Haberlandt was introduced as a 
heterogeneous cultlvar, because only two selections were made from Haberlandt, 
and these two selections differed at 29% of the tested RFLP loci (Table 8). 
Jet and Wing Jet 
The ancestral line 'Jet' was introduced from China in 1906 and was 
released as a cultivar in 1910 (Table 1). 'Wing Jet' was released as cultivar in 
1929 by the Wing Seed Company, who reported Wing Jet as "probably a selection 
from Jet" (Table 1). Eighteen of the 42 loci tested revealed a polymorphism 
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between Jet and Jet and Wing Jet (Table 3). Therefore, if Wing Jet was selected 
from Jet, it was the result of an outcross event. Alternately, Wing Jet could have 
been derived by an accidental seed mixture. 
Mammoth Yellow Types 
Four ancestral lines were introduced with the name Mammoth Yellow, 
P1548469 (unknown origin), PI167277 (collected in Turkey) and PI210352 
(collected in Mozambique) (Table 1). The cultivar 'Mammoth Brown' was included 
as a Mammoth Yellow type in this research because of its similar name, and the 
cultivars Hollybrook and 'Woods Yellow' were separately selected by T.W. Woods 
and Sons (in Virginia) from Mammoth Yellow and released in 1902 and 1934, 
respectively (Table 1). RFLP analysis indicated that Hollybrook and Woods Yellow 
were not derived by a mutation event in any of the Mammoth Yellow ancestral 
lines, because the genetic diversity values ranged from 0.19 to 0.40 (Table 9). 
Hollybrook and Woods Yellow were most closely related to Mammoth Yellow 
(P1167277), but this analysis could not determine which Mammoth Yellow was their 
progenitor. All comparisons within the Mammoth Yellow type were consistent with 
origin as an outcross event, or an accidental seed mixture. Hollybrook and Woods 
Yellow differed from each other at 21% of the tested RFLP loci, therefore Mammoth 
Yellow was not likely introduced as a heterogeneous cultivar. 
Manchu Types 
The ancestral line Manchu was introduced from China (Table 1). When the 
soybean germplasm collection was established, varieties named Manchu were 
received from several locations. They were grown in comparison plots around the 
U. S. and Canada, and those that appeared phenotypically different were identified 
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with their source in parenthesis (R. Bernard, Personal Communication). Thus, 
'Manchu (Madison)' was the cultivar Manchu, contributed from the University of 
Wisconsin at Madison. The Manchu that was contributed from Illinois was 
maintained under the name Manchu, with no source in parenthesis. In contrast, the 
name 'Manchu (Montreal)' was assigned by the developer of that variety (R. 
Bernard, Personal Communication). 'Manchu (Lafayette)B' was separated from 
'Manchu (Lafayette)', and 'Viola Manchu Mediasch' was considered a Manchu 
type, in this research, because of its similar name (Table 1). Additionally, a total of 
seventeen cultivars were reported as "selected from Manchu" (Table 1). As a point 
of reference, the Manchu that originated in Illinois will be referred to as the 
progenitor of the remaining Manchu types. 
Between 41 and 47 loci were analyzed in all comparisons that involved 
Manchu types. The comparison of Funman (selected in Bloomington Illinois by 
1938) and Manchu revealed one polymorphism (Table 10). The comparison of 
Manchu 606 (selected in Wisconsin, 1940) and 'Linmann 533' (selected in Iowa, 
1939) did not reveal any polymorphisms (Table 10). The comparison of Manchu 
606 and Linmann 533 revealed one polymorphic locus when compared to both 
Manchu 3 (selected in Wisconsin, 1940) and 'Scioto' (selected in Ohio, 1933), and 
Scioto and Manchu 3 were polymorphic at two loci. Thus, Manchu 3, Manchu 606, 
Linmann 533 and Scioto were very closely related, and more distantly related to 
their presumed progenitor, Manchu. 
'Mandeir (selected in Indiana, 1934) and 'Manchukota' (selected in South 
Dakota, 1943) were polymorphic at two loci, and were more closely related to each 
other than to their presumed progenitor, Manchu. The remaining comparisons 
within the Manchu type were consistent with origin as an outcross event, accidental 
seed mixture, or heterogeneous ancestral introduction. 
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The ancestral introduction, Manchu, was previously thought to have 
originated as a heterogeneous accession due to the large number of selections 
which were derived from It (Carter et al. 1993). This analysis supports this 
hypothesis because selections made from Manchu at distant geographic locations 
were sometimes more closely related to each other than to Manchu. 
Manchuria Types 
The ancestral lines named Manchuria, PI548375 and PI86029, were 
introduced from China and Japan (Table 1). The cultivars 'Manchuria 13177' and 
'Manchuria 20173' were separate selections made from Manchuria (in Ohio) In 
1913 and 1920, respectively. The cultivar 'Pennsoy' was selected in Pennsylvania 
(in 1944) as a Rogue in Manchuria 13177. The cultivar 'Manchuria Native' was 
included as a Manchuria type in this research because of its similar name (Table 
I). RFLP analysis indicated that the cultivars Manchuria 13177 and Manchuria 
20173 were probably not the result of a mutation in either Manchuria Plant 
Introduction, because the genetic diversity values ranged from 0.22 to 0.32 (Table 
II). Pennsoy was most closely related to Manchuria 13177 which was consistent 
with its reported origin (Table 11). 
Mandarin Types 
The ancestral line Mandarin was introduced from China (Table 12). 
'Mandarin 507', Mandarin (Ottawa) (PI548379), and 'T162' were selected from 
Mandarin, 'T261' was selected from Mandarin (Ottawa), and 'Mandarin 2', 
'Mandarin A', 'Early Mandarin', Mandarin (Ottawa) (PI189.888), and 'Mandarin 
Youa' were considered Mandarin types, in this research, because of their similar 
names (Table 1) 
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Mandarin (Ottawa) (PI548379), selected in Ottawa, and Mandarin 2, 
collected in Hungary, were identical at the 41 tested loci (Table 12). Mandarin, 
was polymorphic with Mandarin 2, Mandarin (Ottawa) (PI548379), and T261 at only 
one locus (Table 12). T261 was also identical to Mandarin 2, but differed from 
Mandarin (Ottawa) (PI548379) (Table 12). Finally, Mandarin 507 (selected in 
Wisconsin, by 1943) and T162 (selected in Illinois, 1940) were polymorphic at two 
of 41 RFLP loci analyzed. Thus, Mandarin, Mandarin (Ottawa) (PI548379), 
Mandarin 2, and T261 were all very similar, as were Mandarin 507 and T162. The 
remaining comparisons within the Mandarin type are consistent with origin as an 
outcross event, accidental seed mixture, or heterogeneous ancestral line. The fact 
that some of the Mandarin types were more closely related to each other than to the 
ancestral Mandarin line suggested that Mandarin may have been introduced as a 
heterogeneous cultivar. However, two of the accessions, Mandarin and Mandarin 
2 were introduced from different countries, yet differed at only one RFLP locus out 
of 43 tested. This suggests that there may have been human error (such as a 
mislabeling of a seed packet) involved in the handling of these two introductions. 
Morse Types 
The ancestral line Morse was introduced from China, in 1910 (Table 1). The 
cultivars 'Virginia' (selected in Virginia, 1918) and 'T164' (selected in Illinois, 1941) 
were selected from Morse (Table 1). Analysis of 38 loci indicated that these three 
cultivars were polymorphic at an average of 44% of the tested loci (Table 3). This 
high level of polymorphism indicated that either Morse was introduced as a 
heterogeneous cultivar, and Virginia and T164 were selections from this, or that an 
accidental seed mixture subsequent to the acquisition of Morse occurred. An 
outcross event would not likely result in a genetic diversity value this high. 
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Otootan Types 
The ancestral lines named Otootan, PI548497 and PI247679 were 
introduced from China (1918) and Zaire (date unavailable), respectively. Avoyelles 
(selected in Louisiana, 1931), Tanner' (selected in Arkansas, 1939), and 'Gatan' 
(selected in Georgia, 1943) were selected from Otootan, and the cultivars 'Otootan 
No. 6' (collected in Thailand), 'Otootan No. 27' (collected in Thailand), and 'Red 
Tanner' (collected in Australia) were considered Otootan types, in this research, 
because of their similar names (Table 1). The two cultivars named Otootan 
(PI458.497 and PI247.679) were identical at the 50 examined RFLP loci (Table 13). 
Similarly, Otootan No. 6 showed only one polymorphism when compared to the 
two Otootan's (Table 13). It was unlikely that cultivars introduced from three 
different countries would be (near) identical by chance, and perhaps accidental 
mis-labeling was involved during the maintenance of these ancestral lines. 
Avoyelles and Red Tanner were most similar to themselves, and to the two 
ancestral lines named Otootan and to Otootan #6. The genetic diversity values, 
however, were distant enough that the origin of Avoyelles and Red Tanner could 
not be determined unambiguously. The data collected on the Otootan types 
showed inconsistencies with what would be expected by the reported origins, 
namely cultivars collected in different countries appeared more closely related than 
would be expected by chance. More research regarding the introduction and 
selection of these lines, and repeated RFLP analysis is recommended before 
drawing firm conclusions about the relationships within the Otootan type. 
Peking Types 
There were three ancestral lines and three sublines named Peking, 
PI548402 (collected in China, 1906), PI297543 (collected in Hungary), PI438497 
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(collected in the United States), PI438496A (collected in the United States), 
PI438496B (collected in the United States), and PI438496C (collected in the 
United States) (Table 1). Kingwa and '7221' were selected from Peking (Table 1). 
T221 was not included in the analysis due to the isolation of low quality DNA. All 
combinations within this type appeared to be diverse with the exception of the 
comparison of sublines PI438496A and PI438496B (Table 13). These two 
sublines were identical at the 43 analyzed loci, but differed from the third subline, 
PI438496C at 26% of the analyzed loci (Table 13). Kingwa (selected in West 
Virginia, 1921) was most closely related to Peking (PI438.497) but its origin could 
not be determined unambiguously (Table 13). 
Wilson Types 
The ancestral lines named 'Wilson', PI548427, and PI438501 were 
introduced from China (in 1907) and the United States, respectively. 'Wilson Five' 
and 'Wilson 6' were selected from Wilson in Virginia during the years 1910 and 
1966, respectively. 'Wilson B' and 'Wilson Five B' were separated from Wilson and 
Wilson Five at Urbana, Illinois, in 1967. Finally, 'T102' was selected from Wilson 
Five in Illinois (Table 1). The cultivars Wilson (PI438501), Wilson Five, and T102 
were indistinguishable at the 46 analyzed RFLP loci (Table 14). Thus, it appeared 
that the Plant Introduction named Wilson (PI438501) was the original Wilson 
variety from which Wilson Five and T102 were selected, and that Wilson Five and 
T102 could have been derived from mutation events. All other comparisons within 
the Wilson type, including the separations made in Urbana, Illinois, were consistent 
with origin as an outcross event or accidental seed mixture. Wilson Five (FC3548) 
collected in Delaware, was distantly related to all of the remaining Wilson types 
(Table 14) 
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Summary 
One hundred eight soybean lines, belonging to 18 ancestral types were 
analyzed at between 37 and 50 RFLP loci to determine the relationships between 
the members of each type. It appeared that mutation was not a primary contributor 
in the origin of most of the selections made from the ancestral types. When the 
soybean germplasm collection was first established, the discarding of duplicate 
entries was considered (Bernard, Personal Communication). The high level of 
polymorphism exhibited between some "duplicate" members of these types 
validates the maintenance of this material in the soybean collection. It was 
previously known that AK was introduced as a heterogeneous cultivar. This 
analysis suggested that at least one additional ancestral type, Manchu, likely 
originated as a heterogeneous cultivar. Additionally, this analysis suggested that 
Mandarin may have also been a heterogenous ancestral line. This analysis also 
supported the assigned coefficient of parentage value of 1.0 between AK (Harrow) 
and mini, used by Carter et al. (1993). Carter et al. (1993) also reported a 
coefficient of parentage value of 0.50 between Mandarin and Mandarin (Ottawa), 
Manchu and Mansoy, and SI00 and both AK (Harrow) and llllni. These data 
support the use of 0.50, but it is also possible that these cultivars are unrelated by 
pedigree, which could not be tested by our analysis. 
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Table 1. Names and origins of the members of the 18 ancestral types. 
Plant Year * 
Common Name Introduction Released^ Pedigree or Country Collected In' 
rW 
Ak Types 
AK(FC30761) PI548297 by 1917 A.K. from northeast China,1912 
AK (Kansas) PI548299 by 1949 Received as A.K. from Kansas AES, 1949 
AK (Harrow) PI548298 by 1939 Selected from A.K. by 1928 
mini PI548348 1938 Selected from A.K., 1920 
8100 PIS48488 1945 Selected from mini, 1938 
Arksoy Types 
Arl<soy PI548438 1937 Pyongyang, North Korea, 1914 
Ralsoy PI548484 1940 Selected from Arksoy 
Biloxl Types 
Biloxi PI548444 1918 Tangxl, ZheJIang, China, 1908 
White Blioxi PI548495 by 1939 Selected from Biloxi, 1925 
Yellow Biloxi 12 PI240672 NA Philippines 
Yeiiow Biloxi 37 PI240671 NA Phillippines 
Clemson Types 
Clemson PI548448 1939 Nanjing, China, 1927 
CNS PI548445 1943 Selected from 'Clemson', but is probably 
PI71579 ('Nanking, 1927) 
CNS65F PI283332 NA Morroco 
CNS80A PI438324 NA Leningrad, Russian Federation via Algeria 
CNS89A PI438315 NA Leningrad, Russian Federation via Algeria 
CNS89B PI438316 NA Leningrad, Russian Federation via Algeria 
CNS 657 PI438435A NA Leningrad, Russian Federation via Morocco 
CNS 657 PI438415B NA Leningrad, Russian Federation via Morocco 
Cloud Types 
Cloud PI548316 1910 Hangzhou, Zhejiang, China, In 1905 
Sooty PI548415 1927 Selected from Cloud,l907 
Dunfield Types 
Dunfield PI548318 1923 Fanjiatun, Jiiln, China, 1913 
Dunfield PI153243 NA Brussels, Belgium 
Earlyana PI548319 1943 Selected from Dunfield,1931 
Ebony Types 
Ebony PI548321 1907 Pyongyang, North Korea, 1901 
Ebony PI438490A NA Leningrad, Russian Federation via USA 
Ebony PI438490B NA Leningrad, Russian Federation via USA 
Ebony PI157421 NA Suwon, Korea 
lisoy PI548349 by 1927 Selected from Ebony in 1913 
T16 PI548158 by 1930 Selected from Ebony 
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Table 1. Continued 
Plant Year 
Common Name Introduction Released^ Pedigree or Country Collected InT 
No.t 
Habaro Types 
Habaro PI548336 1910 Khabarovsk, Siberia, USSR, 1907 
Chestnut PI548313 1910 Selected from Habaro, 1907 
0AC211 PI548394 1928 Selected from Habaro 
Goldsoy PI548332 by 1940 Selected from OAC 211 
Haberlandt Types 
Haberlandt PI548456 by 1907 Pyongyang, Korea 
Haberlandt PI438343 NA Leningrad, Russian Federation via Australia 
Hurrelbrink PI548364 1902 Selected from Haberlandt 
Rose Non Pop PI548847 1942 Selected from Haberlandt 
Jet Types 
Jet PIS38389 1910 Sachon, Hebel, China, 1906 
Wing Jet PI548432 by 1929 Wing Jet is probably a selection from Jet 
Mammoth Yellow Types 
Mammoth Yellow PI548469 by 1895 Unknown origin, probably from Japan. 
Mammoth Yellow PI167277 NA Turkey 
Mammoth Yellow PI210352 NA 
Mammoth Brown PI200497 NA Shikoku, Japan 
Hollybrook PI548460 1902 Selected from Mammoth Yellow 
Woods Yellow PI548496 1934 Selected from Mammoth Yellow 
Manchu Types 
Manchu PI548365 1918 Hellongjiang, China, 1911 
Manchu 3 PI548371 by 1940 Selected from Manchu 
Manchu 606 PI548372 by 1940 Selected from Manchu 
Manchu 2204 PI548373 by 1942 Selected from Manchu 
Manchu (Hudson) PI548369 1939 Selected from Manchu 
Manchu (Lafayette) PI548366 1918 Received as Manchu, Purdue AES, 1943 
Manchu (Lafayette)B PI548367 1967 Separated from Manchu (Lafayette), 1967 
Manchu (Madison) PI548368 Received as 'local Manchu', Wisconsin AES 
Manchu (Montreal) PI548370 1944 Selected from Manchu 
Manchu kota PI548374 1943 Selected from Manchu 
Funman PI548328 by 1938 Selected from Manchu 
Granger PI548333 1941 Selected from Manchu 
Harman PI548340 1943 Selected from Manchu 
Linmann 53 PI548363 by 1939 Selected from Manchu 
Luthy PI548466 by 1950 Selected from Manchu 
Mandell PI548381 by 1934 Selected from Manchu, 1926 
Mansoy PI548383 by 1928 Selected from Manchu, 1915 
Mingo PI548383 by 1940 Selected from Manchu in 1924 
Scioto PI548410 1933 Selected from Manchu in 1925 
T54 PI548163 Sekected from Manchu, presumed outcross 
Viola Manchu Mediasch PI297551 Taploszele, Hungary 
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Table 1. Continued 
Plant Year * 
Common Name Introduction Released^ Pedigree or Country Collected In' 
No.t 
Manchuria Types 
Manchuria PI548375 by 1912 Chlnyuan from northeast of Harbin, 
HeiiongJIang, China, In 1910 
Manchuria PI86029 by 1930 Japan 
Manchuria 13177 PI548376 by 1940 Selected from 'Manchuria' in 1913 
Manchuria 20173 PI548377 by 1948 Selected from 'Manchuria' in 1920 
Manchuria Native PI200498 NA Japan 
Pennsoy PI548403 1944 A rogue in 'Manchuria 13177' 
Mandarin Types 
Mandarin PI548378 by 1920 Heilongjiang, China, 1913 
Mandarin 2 PI297532 NA Taploszele, Hungary 
Mandarin 507 PI548380 by 1943 Selected from Mandarin 
Mandarin A PI438363 NA Leningrad, Russian Federation via Canada 
Early Mandarin PI417554 NA Poiant 
Mandarin (Ottawa) PI548397 1934 Selected from Mandarin, 1929. 
Mandarin (Ottawa) PI189888 NA France 
Mandarin Youa P1189890 NA France 
T162 PI548185 1940 Selected from Mandarin 
T261 PI548238 by 1956 Selected from Mandarin Ottawa 
Morse Types 
Morse PI548390 1910 From Niuzhuang, Liaoning, China, in 1927 
Virginia PI548422 1918 Selected from Morse, 1909 
T164 PI548186 1941 Selected from Morse 
Otootan Types 
Otootan PI548479 by 1918 From Taiwan, China, to Hawaii. From Hawaii to 
Georgia In 1911 
Otootan PI247679 NA Zaire 
Otootan No. 6 PI239236 NA Banckock, Thailand 
Otootan No. 27 PI239237 NA Banckock, Thailand 
Avoyelles PI548442 1931 Selected from Otootan 
Gatan PI548454 1943 Selected from Otootan 
Tanner PI548490 1939 Selected from Otootan 
Red Tanner PI341243 NA Stonevllle, Mississippi via Australia 
Peking Types 
Peking PI548402 1910 From Beijing, China, In 1906 
Peking PI297543 NA Taploszele, Hungary 
Peking PI438497 NA Leningrad, Russian Federation via USA 
Peking PI438496A NA Leningrad, Russian Federation via USA 
Peking PI438496B NA Leningrad, Russian Federation via USA 
Peking PI438496C NA Leningrad, Russian Federation via USA 
Kingwa PI548359 1931 Selected from 'Peking' In 1921 
T221 PI548205 NA Selected from Peking 
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Table 1. Continued 
Plant Year + 
Common Name Introduction Released^ Pedigree or Country Collected In' 
W" 
Wilson Types 
Wilson PI548427 1909 Llaoning, China,1907 
Wilson PI438501 NA Leningrad, Russian Federation via USA 
Wilson 6 PI548431 1966 Selected from Wilson 
Wilson B PI548428 1967 Separated from Wilson, 1967 
Wilson Five FC3548 NA Delaware, USA 
Wilson Five PI548429 1918 Selected from Wilson, 1910 
Wilson Five B PI548430 1967 Separated from Wilson Five, 1967 
T102 PI548166 NA Selected from Wilson Five 
T Information obtained from Bernard et al. (1988), the GRIN database, and/or 
Soybase, a USDA-ARS funded soybean genome database. 
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Table 2. A matrix of the genetic diversity 
values for the AK types, based on 47 to 
48 RFLP loci. 
1 2 3 4 
1 AK (FC 30.761) 0 
2 AK (Harrow) 0.29 0 
3 AK (Kansas) 0.38 0.32 0 
4 mini 0.30 0.00 0.32 0 
5 S100 0.36 0.15 0.30 0.15 
Tables. Genetic diversity values 
for the ancestral types Cloud, Jet, 
Dunfield, and Morse, based on 37 
to 50 RFLP loci. ; 
Comparison RFLP Diversity 
Arksoy Types 
ArksoyX Ralsoy 0.00 
Cloud Types 
Cloud X Sooty 0.27 
Jet Types 
Jet X Wing Jet 0.40 
Dunfield Types 
PI548318X P1153243 0.26 
PI548318XEarlyana 0.28 
P1153243 X Earlyana 0.12 
Morse Types 
Mrose X T164 0.39 
Morse X Virginia 0.42 
T164X Virginia 0.49 
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Table 4. A matrix of the genetic 
diveristy values for the Biloxl types, 
based on 39 to 47 RFLP loci. 
1 2 3 
1 Biloxl 0 
2 White Biloxl 0.28 0 
3 YellowBlloxl12 0.23 0.18 0 
4 YellowBlloxl37 0.11 0.23 0.15 
Table 5. A matrix of the genetic diversity values for the Clemson/ 
1 2 3 4 5 6 7 
1 Clemson 0 
2 CNS 0.21 0 
3 CNS 65F 0.42 0.26 0 
4 CNS 80A 0.36 0.34 0.32 0 
5 CNS 89A 0.34 0.37 0.31 0.29 0 
6 CNS 89B 0.38 0.38 0.29 0.26 0.22 0 
7 CNS 657 PI438.435A 0.39 0.24 0.00 0.35 0.31 0.31 0 
8 CNS 657 PI438.435B 0.37 0.37 0.28 0.23 0.19 0.02 0.30 
Table 6. A matrix of the genetic diversity values for 
1 2 3 4 5 
1 PI548321 0 
2 Ebony PI438.490A 0.32 0 
3 Ebony PI438.490B 0.33 0.20 0 
4 Ebony PI157.421 0.13 0.26 0.25 0 
5 llsoy 0.41 0.27 0.28 0.39 0 
6 T16 0.25 0.37 0.35 0.17 0.31 
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Table 7. A matrix of the genetic 
diversity values for the Habaro 
types, based on 40 to 49 RFLP 
loci. 
1 2 3 
1 Habaro 0 
2 Chestnut 0.38 0 
3 0AC211 0.03 0.33 0 
4 Goldsoy 0.08 0.35 0.04 
Table 8. A matrix of the genetic diversity 
values for the Haberlandt types, based 
on 41 to 43 RFLP loci. 
1 2 3 
1 PI458465 0 
2 PI438343 0.37 0 
3 Hurrelbrink 0.20 0.41 0 
4 Rose Non Pop 0.26 0.37 0.29 
Table 9. A matrix of the genetic diversity values 
for the Mammoth Yellow types, based on 47 to 
50 RFLP loci. 
1 2 3 4 5 
1 PI548469 0 
2 P1167277 0.41 0 
3 PI210352 0.37 0.36 0 
4 Mammoth Brown 0.38 0.29 0.37 0 
5 Hollybrook 0.37 0.24 0.32 0.29 0 
6 Woods Yellow 0.38 0.19 0.40 0.26 0.21 
Table 10. A matrix of the genetic diversity values for the Manchu types, based on 41 to 47 loci. 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 Manchu 0 
2 Manchu 3 0.20 0 
3 Manchu 606 0.17 0.02 0 
4 Manchu 2204 0.09 0.16 0.13 0 
5 Manchu (Hudson) 0.26 0.16 0.17 0.26 0 
6 Manchu (Lafayette) 0.13 0.28 0.28 0.15 0.20 0 
7 Manchu (Lafayette)B 0.13 0.25 0.26 0.17 0.21 0.09 0 
8 Manchu (Madison) 0.11 0.25 0.28 0.15 0.23 0.07 0.06 0 
9 Manchu (Montreal) 0.15 0.14 0.15 0.18 0.18 0.18 0.15 0.18 0 
10 Manchukota 0.15 0.18 0.19 0.15 0.11 0.13 0.15 0.13 0.10 0 
11 Viola Manchu Mediasch 0.34 0.50 0.47 0.34 0.43 0.33 0.38 0.36 0.44 0.36 0 
12 Furman 0.02 0.23 0.19 0.06 0.28 0.11 0.11 0.09 0.18 0.17 0.32 0 
13 Granger 0.09 0.17 0.16 0.11 0.18 0.16 0.13 0.13 0.08 0.07 0.38 0.11 0 
14 Harman 0.16 0.14 0.13 0.18 0.20 0.22 0.16 0.20 0.14 0.13 0.44 0.18 0.11 0 
15 Linmann53 0.15 0.02 0.00 0.13 0-17 0.28 0.24 0.26 0.13 0.20 0.48 0.17 0.16 0.13 0 
16 Luthy 0.38 0.43 0.47 0.43 0.43 0.35 0.30 0.32 0.33 0.40 0.43 0.36 0.44 0.33 0.46 0 
17 Mandell 0.15 0.14 0.15 0.15 0.11 0.11 0.11 0.13 0.08 0.04 0.41 0.17 0.07 0.09 0.16 0.41 0 
18 Mansoy 0.29 0.22 0.21 0.29 0.29 0.29 0.25 0.29 0.23 0.25 0.50 0.29 0.29 0.21 0.21 0.38 0.21 0 
19 Mingo 0.15 0.23 0.23 0.15 0.23 0.11 0.11 0.13 0.15 0.17 0.40 0.13 0.18 0.16 0.22 0.36 0.11 0.25 0 
20 Scioto 0.18 0.05 0.02 0.14 0.16 0.23 0.23 0.25 0.11 0.16 0.45 0.20 0.12 0.14 0.02 0.50 0.11 0.17 0.23 0 
21 T54 0.19 0.32 0.28 0.28 0.32 0.28 0.28 0.30 0.28 0.30 0.40 0.21 0.24 0.22 0.26 0.40 0.26 0.33 0.30 0.30 
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Table 11. A matrix of the genetic diversity values 
for the Manchuria types, baseed on 42 to 50 RFLP 
loci. 
1 2 3 4 5 
1 PI548375 0 
2 P1186029 0.24 0 
3 Manchuria 13177 0.28 0.32 0 
4 Manchuria 20173 0.22 0.26 0.14 0 
5 Manchuria Native 0.21 0.29 0.19 0.26 0 
6 Pennsoy 0.27 0.29 0.14 0.21 0.17 
Table 12. A matrix of the genetic diversity values for the Mandarin types, 
based on 38 to 41 RFLP loci. 
1 2 3 4 5 6 7 8 9 
1 Mandarin 0 
2 Mandarin2 0.03 0 
3 Mandarin 507 0.05 0.10 0 
4 Mandarin A 0.45 0.43 0.48 0 
5 Early Mandarin 0.34 0.30 0.40 0.32 0 
6 M. Ottawa (PI548397) 0.03 0.00 0.10 0.41 0.29 0 
7 M. Ottawa (P1189888) 0.28 0.29 0.24 0.39 0.46 0.30 0 
8 Mandarin Youa 0.18 0.17 0.12 0.44 0.41 0.19 0.30 0 
9 T162 0.05 0.10 0.05 0.48 0.35 0.10 0.29 0.12 0 
10 T261 0.05 0.02 0.07 0.41 0.34 0.05 0.26 0.14 0.12 
Table 13. A matrix of the genetic diversity values for the 
Otootan types based on 49 to 50 RFLP loci. 
1 2 3 4 5 6 7 
1 PI548479 0 
2 PI247679 0.00 0 
3 Otootan #6 0.04 0.04 0 
4 Otootan #27 0.28 0.28 0.28 0 
5 Avoyelles 0.14 0.14 0.10 0.24 0 
6 Gatan 0.34 0.34 0.38 0.32 0.38 0 
7 Tanner 0.35 0.35 0.39 0.45 0.43 0.39 0 
8 Red Tanner 0.06 0.06 0.10 0.26 0.08 0.38 0.39 
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Table 14. A matrix of the genetic diversity values 
1 2 3 4 5 6 
1 PI548402 0 
2 PI297543 0.43 0 
3 PI438497 0.09 0.32 0 
4 PI438496A 0.12 0.40 0.11 0 
5 PI438496B 0.12 0.40 0.11 0.00 0 
6 PI438496C 0.23 0.48 0.14 0.12 0.12 0 
7 Kingwa 0.28 0.36 0.17 0.26 0.26 0.28 
Table 15. A matrix of the genetic diversity values for the Wilson 
types, based on 46 to 47 RFLP loci. 
1 2 3 4 5 6 7 
1 PI548427 0 
2 PI438501 0.26 0 
3 Wilson 6 0.18 0.18 0 
4 Wilson B 0.17 0.21 0.18 0 
5 Wilson Five (FC3548) 0.46 0.34 0.33 0.43 0 
6 Wilson Five 0.26 0.00 0.18 0.21 0.21 0 
7 Wilson Five B 0.26 0.21 0.16 0.17 0.43 0.21 0 
8 T102 0.24 0.00 0.16 0.20 0.33 0.00 0.22 
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GENERAL CONCLUSIONS 
Only 12 Plant introductions contributed almost 90% of the germplasm 
present in modern soybean cultivars. This narrow genetic base, along with the 
common cyclic breeding strategy, has raised questions about the amount of 
genetic diversity present in modern soybean cultivars. There has been speculation 
about whether enough variability is present in current soybean cultivars to continue 
making crosses between elite cultivars to obtain superior progeny. 
RFLP (Restriction Fragment Length Polymorphism) technology has helped 
scientists to address the question of genetic variability. RFLP's have been used to 
create relatively saturated molecular linkage maps in many species, including 
soybean (O'Brien, 1993). 
The purpose of this research dissertation was to retrospectively analyze the 
process of soybean cultivar development from a molecular perspective, through the 
use of RFLP markers. This molecular pedigree-based analysis potentially 
identified regions of the genome which have positively (or negatively) affected the 
agronomic improvements made in cultivars during the first five generations of 
cultivar development. Five analyses were included in this dissertation. 
Sixty-four Plant Introductions, cultivars, and breeding lines were analyzed at 
217 RFLP loci. A core set of 97 probes with a high likelihood of detecting a 
polymorphism in elite germplasm was defined. The pedigrees of Lincoln and 
Ogden could not be supported by RFLP analysis, thus, for the purposes of this 
analysis, they were considered ancestral lines. Comparison of the predicted 
amount of germplasm contributed by a parent and the observed contribution based 
on RFLP analysis revealed that one parent often provided more genetic information 
than expected. The ability to trace regions of chromosomes from parent to 
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offspring, through multiple generations of cultivar development was demonstrated, 
along with the application of pedigree-based mapping; the cosegregation of 
phenotypic traits and RFLP markers based on pedigree information. Three 
qualitative traits, seed coat luster, stem termination, and pubescence color, were 
associated with molecular markers. The ability to follow regions of chromosomes 
from parent to offspring, and through multiple generations provides a greater 
understanding of what transpired at the molecular level during the development of 
cultivars over the past five decades. 
The second analysis evaluated recombination events which occurred during 
cultivar development, to begin to address the question of whether the breeding 
process acts to maximize or minimize recombination. Twenty-six cultivars were 
analyzed at 89 RFLP loci. Cultivars derived from single cross and single backcross 
breeding programs showed an average of 5.4 and 8.1 recombination events per 
cultivar, respectively. Detailed analysis of each linkage group revealed that large 
portions of linkage groups "D", "F", and "G", of the USDA-ARS:RFLP molecular 
map, were inherited intact from one parent in several cultivars. Additionally, a 
recombination "hot-spot" was identified on linkage group "G". This analysis 
suggested that the breeding process tends to optimize recombination. The 
breeding process (potentially) minimizes recombination by selecting against 
recombination events where agronomically favorable combinations of alleles are 
present in one parent, and the breeding process (potentially) maximizes 
recombination in areas where agronomically favorable combinations of alleles are 
not present in either parent. 
The third analysis compared values of genetic relatedness based on 95 
RFLP markers with values based on coefficient of parentage, 10 metric 
measurements, and 12 isozyme patterns. RFLP similarity values were most similar 
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to coefficient of parentage values, with a correlation of 0.44. However, low 
coefficient of parentage values showed a very large range in RFLP similarity 
values. Similarity estimates on metric characters and isozymes patterns were 
correlated with RFLP estimates at 0.6 and 0.9, respectively. Therefore, one 
estimate of similarity can not be used to predict another. The ability to predict 
agronomically successful parental combinations through the use of RFLP similarity 
estimates was evaluated using 26 previously released cultivars. The range in 
similarity values between the parents was 0.38 between CNS and SI 00, the 
parents of Lee, to 0.85 between Calland and Bonus, the parents of Century. This 
broad range of similarity estimates indicated that RFLP similarity values are 
probably not good indicators of agronomically successful parental combinations. 
In the fourth analysis, RFLP allele frequencies at 94 loci were calculated for 
each generation of cultivar development and each maturity group. Sixteen 
ancestral lines, and 43 subsequently derived cultivars were included in the 
analysis. After 5+ generations of cultivar development, 85% of the loci had allele 
frequencies which were not statistically different from the ancestral population from 
which they were derived. Regression analysis identified six and ten loci with allele 
frequencies showing linear trends across generations and maturity groups, 
respectively. The observed loss of genetic diversity after four generations of 
cultivar development was 10.6%. Previous literature reported a loss of 20%, based 
on coefficient of parentage values. Thus, the rate of genetic diversity loss observed 
was much slower than previously predicted. This analysis suggested that the 
process of cultivar development has not converged on one "ultimate" genotype, 
rather the breeding process has acted to "shuffle" the alleles, bringing together 
different favorable combinations. 
172 
In the final analysis, 108 Plant Introductions, related to 18 ancestral "types", 
were evaluated at between 37 and 50 RFLP loci to determine if early cultivar 
selections made from Plant Introductions were derived by mutation, or by 
outcrossing, accidental seed mixture, or a heterogeneous Plant Introduction. 
Mutation was not a primary factor in the derivation of selections from most ancestral 
lines, but was potentially a factor in selections made from Arksoy, Habaro, Peking, 
and Wilson. The ancestral line AK was previously known to be a heterogeneous 
seed mixture, and the ancestral line, Manchu was suspected as such. This RFLP 
analysis supported the hypothesis that Manchu was introduced as a 
heterogeneous line, and revealed that Mandarin was also potentially introduced as 
a heterogeneous line. 
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• = "a" allele 
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• = 
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Key 
• = 
"a" allele 
• = 
"b" allele 
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• = missing data 
heterozygous 
for "a" and "b" 
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• = "a" allele 
• = "b" allele 
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• = "a" allele 
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= "c" allele 
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• = "a" allele 
• = "b" allele 
= "c" allele 
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• = 
"a" allele 
• = 
"b" allele 
"c" allele 
• = missing data 
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Key: 
• = "a" allele 
• = "b" allele 
= "c" allele 
o = missing data 
= = heterozygous 
for "a" and "b" 
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• = 
"a" allele 
• = 
"b" allele 
=r "c" allele 
• = missing data 
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Key 
• = 
"a" allele 
• = 
"b" allele 
— "c" allele 
• = missing data 
heterozygous 
for "a" and "b" 
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Key: 
• = "a" allele 
• = "b" allele 
= "c" allele 
• = missing data 
m = heterozygous 
for "a" and "b" 
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• = 
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• = "a" allele 
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• = 
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"a" allele 
• = 
"b" allele 
"c" allele 
• = missing data 
heterozygous 
for "a" and "b" 
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• = "a" allele 
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|A461 
I 
Kaes 
I /e4G2 IA0B3 I • Kt173 
jjlWO 
^AD64 
I 
I 
AD71.1 
Imiai Aaao 
B162.1 
Key 
• = 
"a" allele 
• = 
"b" allele 
"c" allele 
• = 
missing data 
o 
•A882 
S ||A567 
W ||A4B1 
X 
• K250 
l\) W 
oi 
Ransom 
A487 
R183 8030 
A17D 
KB36 A0B5 
B 
|A333 
04702 |A847 
IA118 A520 A006 
A588 
A50S 
TD36 
«A463 |K300 
A063 
^A519.1 
a42&1 
•*635 |L1« 
1^367 
PCB9 I 
I 
A388 
Hoiaa 
ABBI 
A2352 
L161 Mil 
AD96 |A257 
"A124 
A374 
A983 
A0B6 
F 
-A401 
1  ^
|A186 
EB12 
I 
0*0142 
I 
lATOe 
7092 
FDiai 
• KKB-I 
|AI12 
|R017 
:K4B3 
H 
I A3B1 
|A036 
M30 
I A86B |MD141 
msT 
K 
A102 
B03B 
I 
I 
I 
I 
I 
I 
AOGO 80822 
8166 
Aisai B122 
B0821 A233 K003 
•AB6B 
m K3B7 
M N 
|B164 I A9462 
0aO23 0 
l«" I 
K4173 
N370 
A064 
|A071.1 
Imiai A2B0 
BIG2.1 I 
I 
Key 
• = "a" allele 
• = "b" allele 
= "c" allele 
• = missing data 
O 
•AB82 
S 
gA567 
w 
gA481 
X 
• iCSO 
s O) 
Richland 
A 
|A487 
R183 
Boao 
A170 
KG36 
A0B5 
B 
|A333 
IA702 |A847 
^A118 
A50O 
A006 
A593 
I 
JA505 
*7036 
•AOGS 
|K300 
A94ai 
A063 
A519.1 
A38e 
ROI 32 
Aœi 
A2352 
L161 
K411 
A426.1 1 
•Afi35 1 |L14B •A095 
IA3S7 |A257 
jpos "AI24 
^K455 
A374 
A963 
Aoee 
F 
C3A401 
CP 
lAiee 
*EB12 
I"" 
||KD142 
®-raœ 
Hoiai 
•KDeg.i 
|AII2 
|R017 
im 
"K498 
% 
H I 
A1Q2 
BOQB 
8186 
8122 
80322 
A199.1 
KD03 
•Aeea 
"k3B7 
|A461 
I 
M N 
18164 
K3BS 
I I fiOS I • K417.3 
|K)70 
^A064 
|A071.1 
1x41811 lAaao 
B162.1 
O 
•A882 
S 
gAS67 
W 
|A481 
X 
•K2a) 
Key 
M = 
"a" allele 
• = 
"b" allele 
"c" allele 
• = 
missing data 
Roanoke 
|A487 
R183 
Boao 
A170 
NB36 
A0B5 
AS05 
'tdss 
B 
gA333 
IA7D2 |A847 
IA118 
Asao 
A006 
• A4e3 |raoo 
/@4GL1 
A063 
A9B8 
A519.1 
A42&1 
•A635 
|L148 
IA397 
P029 I 
I 
A388 
A0132 
ABBI 
A2352 
L161 K411 
Aœs 
|A257 
"A124 
A374 
A9G3 
Aoee 
=A401 
I 
I 
I 
IA186 10212 
Iatob 
N}142 
TD9B 
HOiai 
• KQ69.1 
•A112 
|R017 
•K493 
•A235L1 
5A378 
H 
|A3B1 
I ; 
•ABSB 
|KD14.1 
KD07 
A0B6 
.130 
K 
1A1Q2 
iBoae 
r I 
I • 
I 
I 
I 
I 
BIGG 
BI22 
B0321 
A233 
^Aise-i 
Ikqoq 
•ab» 
*K3B7 
L 
|B164 
|A461 
I 
K305 
M 
I 
^AD64 
N 
A94a2 
1*023 I |K4173 • I 
I 
|ACI71.1 
I K41&1 
Aaso 
81621 
Key 
• = 
"a" allele 
• = 
"b" allele 
— 
"c" allele 
• = 
missing data 
o 
•A802 
S 
•A567 
w 
•A481 
IK250 
5 
00 
SI 00 
IZIA463 |lOOO 
A588 
A519.1 
A94ai 
AC63 
A386 
R0132 
Aesi 
A2352 
A42ai 
•A635 |L1« 
IA3G7 
|P0B9 
^K455 
1 
I 
IL161 
K411 
AO05 
Q\257 
A124 
jJA374 
A9G3 
Aoee 
F 
-Mm 
Da 186 
,8212 
|KD142 
I TdGB 
Hoiai 
•Koeg.i 
|AII2 
|RO17 
Mi 
5x498 
% 
H 
I 
I 
I 
I 
A3B1 
Aoae 
A130 
A8S8 
gMM4.1 
'KD07 
102 
009 
I 
I 
I 
K 
8122 
#80821 
A233 
A19B2 
80822 
A199.1 
JraxB 
•A868 
®ra87 
M 
D"" I 
h D 
A461 
K38G 
mo 
fiOM K<841 
8 (O 
Key 
• = 
"a" allele 
• = 
"b" allele 
"c" allele 
• = 
missing data 
» 
Shelby 
A B C  
R183 
B030 
A170 
KB36 
AOBS 
gA333 
IA7D2 ||AB47 
IA118 Aseo AQ06 
AS05 
7036 
aA4e3 
Iksoo 
A946.1 
A063 
A583 
A519.1 
A3Se 
FD132 
[h 
A42B.1 
•A83S |L1<18 
IA3B7 
PQ29 
A23Sl2 
L161 
K411 
A096 |A257 
"A124 
A374 
A963 
Aoee 
F 
—A401 
i 
I 
||KD142 
I 
A186 
B212 ATOe 
TD92 
ROiai 
H 
• K0».1 •A3B1 
|AI12 1 • 
IFD17 1 • •Aoae 
IA42B.3 • • 
mABIB •A130 
1 
5K488 1 
1 
•A586 1 AB81 
•AB68 
||KD141 
1 
KD07 
A102 
B0a9 
r I 
I ' 
I B122 
B0Q2.1 
A233 
I I A19B.1 N003 
Ae6B 
W 
M N 
|Bt64 
K3B5 
I A94a2 
^A0B3 I 
|a« i 
A064 
gA071.1 
Imiai 
•A2eo 
B1G21 
|A8e2 
IA567 
w 
•A«1 
IK250 
o 
Key 
• = "a" allele 
• = "b" allele 
= "c" allele 
• = missing data 
Tokyo 
IA487 
R183 
B030 
A170 
KB36 
Aoes 
B 
||A333 
IA7Q2 |AB47 
IAIIB 
A520 
A006 
A505 
'llM6 
"A4G3 
|K300 
A94&1 
A0G3 
A588 
AS19.1 
A42&1 
•Afl35 
|L148 
Iasg? 
poeg 
Asse 
|R0132 
ABSI 
A2352 
L161 
K411 
A095 |A257 
•A124 
A374 
A963 
A0B6 
F 
-A401 
•A186 
B212 
I™ 
|K>142 
^7092 
HDiai 
• KDe8.1 
|ai12 
|R017 
: 
"K4S8 
H I 
A10B 
BOSS 
K 
Biœ 
B122 
Boazi 
A233 
B0322 
A199.1 
K003 
•A868 
"K387 
|Bt64 
H I 
|A«I I 
K3BS 
M 
jJA9462 
*164 
N 
gA071.1 
M, 
I 
I 
K4iai 
Aaao 
B162.1 
o 
gAaee 
S 
gA567 
w 
gA481 
X 
• K2S0 
Key 
• = "a" allele 
• = "b" allele 
= "c" allele 
• = missing data 
Wayne 
A 
gA487 
R183 
BOSO 
A170 
KB36 A0G5 
B 
||A333 
IATOS |A847 
IA118 
•Asao A006 
A505 
*1036 
•A4G3 |K300 
A94ai 
A063 
Asas 
A519.1 
A39B 
R0ia2 
A691 
A2352 
L161 K411 
A<eai 1 
•ABSS 1 |L148 lAogs 
lA3e7 |A257 |PQ39 "AI24 
^K455 
A374 
A983 
Aoee 
F 
-A401 
I 
I A186 
EB12 ATCe I 
|KD142 
I rae 
R013.1. 
• KDe9.1 
|AI12 
|n>i7 
•MSB 
2» 
H 
I 
I 
I 
I 
A3B1 
AOOG 
A130 
ABSS |KD141 
'KD07 
K 
Aioe 
B039 
r I 
I ' 
I 
I 
I 
Btes 
B122 
B0Q2.1 A233 
|A198.1 
Ikdos 
•Ae68 
"raB7 
IB164 
PA461 
I 
K385 
M N 
fB<B2 I 
11 )^23 I K4173 
|n}7D 
®/064 
o 
A071.1 gA882 
Nmiai S 
•AaBO 
gA5B7 Ib1621 
1 
• w 
1 
gA4B1 
K841 X 
|K250 
Key 
• = 
"a" allele 
• = 
"b" allele 
"c" allele 
• = 
missing data 
M 
Williams 
MSI 
I 
irib3 |Boao 
a170 
k536 
aoes 
a505 
'to36 
B 
ga333 
Ia7q2 
0A847 
Iaiib 
•a520 
a006 
•iA463 
0IOOO 
/e4ai 
Nxa 
as98 
a519.1 
ataai 
•a63s 
|li« 
Ia397 
p029 I 
I 
Aase 
r0132 
Ae9i 
A2352 
L161 K411 
a374 
a9g3 
aoee 
aoes 
|a257 
"a124 
F 
-a401 
i 
I A186 
mz 
A7DB I 
|KD142 
I TOoe 
Hoiai 
• kd69.1 
|ai12 
|R017 
Im 
•Ksa 
H 
I 
I 
I 
a3b1 
A036 
130 
a86b 
|nd14.1 
'KD07 
1a10b 
K 
ib03b 
r I 
I • 
I b122 
80321 
A233 K0C3 I Asm 
'k3b7 
M N 
|b164 
k3b6 
I A94e2 
^A0B3 0 
|a« I 
A064 
|A071.1 
Imiai 
Aaso 
B1621 I 
I 
Key 
• = "a" allele 
• = "b" allele 
= "c" allele 
• = missing data 
•A8a2 
s 
ga567 
w 
ga481 
X 
gk250 
03 
York 
A487 
r183 Boao 
A170 
kb36 Aoes 
B 
|A333 
Ia7q2 |A847 
IA118 
A50O 
A006 
A506 
'to36 
-A4G3 
0|t@oo 
A94ai 
a083 
ASK 
A519.1 I 
I 
lAsge 
iRoiaz 
|A091 
A«&1 
#AG35 
,L148 
lAsg? 
pq29 
A2352 
L161 
K411 
A095 
|A257 
"AI24 
A374 
A963 
Aoee 
•iA401 
gKoœ 
IA186 
8212 
fATOB 
|KD142 
'•RBB 
H013.1 
• kde9.1 
|a112 
[mm? 
•K493 
H I 
|A3B1 
lAoae 
M30 
•Asse 
• ND141 
'KD07 
riAiœ 
iBoae 
6166 
|b122 
08032.1 
A233 
K L 
•00322 •B164 
M N 
gAoeO ^00 | g/»IGl2 
^Aisai 
IK003 
•Aees 
"iQBZ 
jjAoea jj 
|«« I 
m • 
K417.3 
NSTD 
A064 
Aig92 
I 
I 
|A071.1 
lK4iai 
Aaso 
81621 
Key 
• = 
"a" allele 
• = 
"b" allele 
= 
"c" allele 
• = 
missing data 
heterozygous 
for "a" and "b" 
o 
•Afl02 
S 
gAS67 
w 
IA481 
i «250 
t\9 
245 
APPENDIX B. RFLP RAW DATA TABLE 
246 
Genotype Parenti ParentZ 1 1 •B65B- X170 •mr "ASS5' "ASoT 1 i 1 T«7" 
1 1.04 1.05 1.1 1.18 1.19 1.35 1.37 2 2.03 2.05 
A1584 A Mark z 1 1 1 z z 1 1 i Z 
A2943 AS1S64 AS3127 1 1 1 1 1 1 2 1 1 2 2 
A3I27 WNKams Essex 1 1 1 0 1 1 1 1 1 2 1 
Acme Manitoba Brown Mandarin 1 2 1 1 1 2 2 1 1 2 2 
Adams Mini Duntlekl 1 1 2 2 t 1 1 1 0 1 1 
Adelptila Kent Adams 1 2 2 1 2 1 1 1 1 2 
AK Harrow 1 1 2 1 1 1 1 1 1 1 1 
Ameoy Adams Harosoy 1 2 1 1 1 2 1 1 1 1 2 
Atksoy 1 1 1 t 12 1 2 2 2 1 
B2t6 Coraoy Wayne 1 2 1 1 1 1 1 1 1 2 1 
Beeson CI 253 Kent 1 2 1 1 t 2 2 1 1 1 2 
BlackHawk Mukden Rkhland 1 2 1 1 2 t 2 1 2 1 
Bonus C1253 C1266R 1 2 t 2 1 2 2 1 1 1 2 
BSR201 AX901- B216 1 1 2 1 1 1 1 1 1 1 1 
Calland C1253 Kent 1 0 1 2 1 2 2 1 1 1 2 
Capital SI. 171 AK Harrow 1 2 1 1 1 1 1 1 1 2 
Century Calland Bonus 1 2 1 2 1 2 2 1 1 1 2 
Chippewa Lincoln Rtetiland 2 2 1 1 1 1 2 1 1 1 
Clark Lincoln Richland 1 2 1 1 1 1 2 1 2 1 
CNS 1 2 1 1 1 1 1 1 1 2 1 
Coraoy Capital Harosoy 1 2 1 1 1 2 2 1 1 1 2 
Dorman Duntleld Ark9oy29l3 1 1 2 1 1 2 2 2 1 1 
Duntleld 1 1 2 2 1 2 1 1 1 1 t 
Essex Lee S5-/075 1 1 1 1 1 1 1 1 1 0 1 
Evans Merit Harosoy 1 2 t 1 1 1 1 2 1 12 2 
Ford Lincoln Rkihiand 1 1 1 1 1 1 1 1 1 1 
R1950 BSR201 AS2943 1 1 2 1 1 1 1 1 1 1 1 
Haberlandt 2 1 0 1 2 2 1 1 2 
Hark Hawkeye Harosoy 1 2 1 t 2 2 1 1 2 2 
Harosoy AK Harrow MandartnOttawa 1 2 1 1 1 2 2 1 1 1 2 
Hawkeye Mukden Richland 1 2 1 1 2 2 1 1 2 1 
Hobbit WIHIams Ransom 1 1 2 1 1 2 1 1 1 2 2 
Hood N4S-74S Roanoke 1 2 2 1 1 0 t t 1 1 2 
Hutcheson V68-1034 Essex 1 1 2 2 1 1 1 1 1 2 1 
mini 1 1 0 1 1 1 1 2 1 1 1 
Kent Lincoln Ogden 1 2 2 1 2 1 1 1 1 2 
KIngwa 1 1 2 1 1 2 2 2 2 1 1 
Lee CNS S100 1 1 2 1 1 1 1 1 1 2 1 
Lincoln 2 1 2 1 1 1 1 1 1 1 1 
Manchu 2 1 2 2 1 1 2 1 1 2 1 
Mandarin 2 2 1 0 1 2 2 t 1 2 2 
Mandarin Ottawa 2 2 1 1 1 2 2 1 1 2 2 
Manitoba Brown 1 1 1 1 1 2 2 0 1 2 2 
McCall M433 Hark 1 2 1 1 1 2 2 1 1 2 2 
Merit Capital BlackHawk 1 1 2 1 1 1 1 2 1 2 2 
Mukden 1 2 1 0 2 2 1 1 1 1 
N44-92 Ogden Haberlandt 1 1 1 2 12 1 1 2 1 1 2 
N4S-2994 Ralsoy Ogden 1 1 2 1 1 1 2 1 2 2 
Ogden 1 1 2 2 1 2 1 2 1 t 2 
Pagoda Manitoba Brown Mandarin 1 2 1 1 1 2 2 1 1 2 2 
Patoka 1 1 2 1 1 1 1 2 1 2 1 
Peking 1 1 2 2 1 2 1 2 2 2 1 
Pella Calland E 1 2 1 2 1 1 1 1 1 2 1 
Perry Patoka PI81041 1 1 1 1 0 2 2 0 1 2 1 
PI54610-I 1 1 2 2 2 2 1 1 1 1 1 
PI54610-4 1 1 1 1 2 2 2 0 1 1 1 
PI71S06 1 2 2 1 1 1 2 2 2 2 1 
Ransom F D56-1185 1 1 2 1 1 2 1 1 1 1 2 
Pkhland 1 2 1 1 1 1 0 2 1 2 1 
Roanoke 1 1 1 1 1 1 1 2 1 1 2 
stoo 1 2 2 1 1 1 1 0 0 0 
Shelby Lincoln Rkhkmd 1 2 1 1 1 1 2 1 2 t 
Tokyo 1 1 1 1 1 1 1 1 1 1 2 
Wayne L49-4091 Clark 1 2 1 1 1 1 1 1 1 t 1 
WlWIams Wayne L57-0034 1 1 2 2 1 1 1 t 1 2 1 
York Dorman Hood 2 1 1 1 1 2 1 t 2 2 1 
247 
Genotype A118 AS20 A006 A593 A519.1 A463 K300 A946.1 A063 A426.1 A63S L148 A397 P029 K45S A39B 
2.08 2.09 2.1 2.24 2.321 3 3.02 3.041 3.11 3.252 3.27 3.28 3.31 3.32 3.39 4 
TTm 1 1 1 1 S 1 \ 1 1 2 2 S 1 1 } T" 
A2943 1111 111 1 1 2221111 
A3127 112 1 111 1 1 1111111 
Acme 1112211 1 1 1221111 
Adams 1111120112112121 
Adelphia 112 1 121 i i 1112 111 
AK Harrow 1111 111 1 1  2 1 1 2 1 1 1  
Amsoy 1112 2 11 1 1 2111111 
Arksoy 1111 2 12 i i i 1 1 3 12 2 1 1 
B216 111 12 211 1 1 1221122 
Beeson 11112 11 1 12 111111 
BlackHawk 1112212 1 1 2 2 2 1 2 2 1 
Bonus 11112 11111111111 
BSR201 1111 111 1 1 12 1 1 1 1 1 2 
Calland 1112 2 11 i i 1111111 
Captia) 1111 112 1 2 1111111 
Century 10 11 2 11 1 1 1111111 
Clilppewa 112 1 1121 1 1111112 
Clark 112 1 111 1 1 1 1 1 1 1 1 2  
CNS 112221322 1231221 
Corsoy 1111112121221111 
Dorman 1111 121 1 1 1 2  0  2  1  0  1  
Dunlleld 1111 1231 12221111 
Essex 1111 111 1 1 1111211 
Evans 1112 2 11 1 1 2 2 2 1 1 1 1  
Ford 112 1 111 1 1 2 1 1 1 1 1 2  
FT1950 1111 111 1 1 1111111 
Hatierlandl 1111 111 1 2 2  2  3  0  2  1  1  
Hark 1 1 12 211 1 1 2 2 2 1  1 1 1  
Harosoy 1112211 1 1  2 2 2 1 1 0 1  
Hawkeye 11122121 1 2 2 2 1 1 1 2 
Hobbit 112 1 12 1 1  1 1 1 1 1 1 1 1  
Hood 1111 121 1 1 1 2 3 1 2 2 1  
Hutolieson 1111 111 1 0  1  1 2  1  2  1  2  1  
mini 1111 111 1 1 2 1 1 2 1 1 1  
Kent 1121 101 1 1 1 1 1 1 1 0 0  
KIngwa 210 1221 2221121 
Leo 1111111112 112 111 
Lincoln 112 1 111 1 1 1 1 1 1 1 1 2  
Manchu 1011 1231 21221111 
Mandarin 1112211 1 1 1 2 2 1 1 1 1  
Mandarin Ottawa 11122121 1 1 2 2 1 1 1 1  
Manltolw Brown 2111 101 1 1 1 0 3 0 0 0 1  
McCall 1111 211 1 1 2 2 2 1 1 1 1  
Merit 11122121 1 2 2 2 1 1 1 1 
Mukden 2 112 2 12 1 1 2  2  2  1  2  2  2  
N44-92 1111 121 1 1 2 2 3 1 221 
N45-2994 1101 121 1 1 123 1 211 
Ogden 1111 12 1 1 1 1 1 1 1 1 2 1  
Pagoda till 112 1 1 1231112 
Patoka 1111 122121221111 
Peking 1112212222221112 
Pella 112 1 Oil 1 1 1 1 1 1 1 2 2  
Perry 1111 011 1 2 2  1 2  2  1  1  1 1  
PI54610-1 1 1 1 1 221 1 1 2111111 
PI54610-4 1112 2 2 3 1 22 1 01111 
PI71506 2 1 0 1 01112 1 221112 
Ransom 2211 0221 21112121 
RkJtiland 11122121 22221111 
Roanoke 2211 121 1 2 1 1 1 1 1 1 1  
S100 1111 101 1 1 2 112 111 
Shelt)y 112 1 111 1 1 1 1 1 1 1 1 1  
Tokyo 2211 1 2 1  1  2 1 2 2 1 1 1 1  
Wayne 112 1 ill 1 1 1 1 1 1 1 1 2  
WHIIams 112 1 12 1 1 1 1 1 1 1 1 1 1 
York 1111 121 1 1 1 2 3 2 1 2 1  
248 
Qenotype R013.2 A691 AâSS.é Ué1 K411 A095 A257 A124 A374 A963 A086 ROI 3.1 A401 A806 K002 A18G 
4.048 4.07 4.131 4.2 4.21 4.28 4.3 4.32 5 5.08 5.11 5.25 6 6.01 6.02 
Aise4 t 1 1 1 1 2 2 1 1 1 1 1 S 1 2 
A2943 1 1 1 1 1 2 2 1 1 1 2 1 12 1 1 
A3127 t 1 2 1 1 1 t 1 t 1 2 1 t 1 1 
Acme 1 t 2 1 0 1 0 2 1 1 1 2 2 2 
Adams 1 2 1 1 0 1 1 t t 2 1 1 1 1 1 
Adelphia 1 2 2 1 1 1 1 1 1 2 1 1 1 1 1 
AK Harrow 1 2 1 1 1 1 1 t 1 2 1 1 1 1 1 
Amsoy 1 2 1 1 1 1 1 2 1 2 1 2 1 1 1 
Arksoy 1 13 2 1 1 1 1 1 t 1 1 2 1 1 2 
B216 t 1 1 2 2 1 2 1 1 1 1 t 1 1 1 
Beeson 2 1 1 1 1 1 1 1 2 1 1 2 1 1 1 
BlaokHawk 1 2 1 1 1 2 1 t 1 2 1 1 2 1 
Bonus 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 
BSR201 1 1 1 1 1 1 2 t 1 1 1 2 1 1 1 
Calland 1 1 2 t 1 2 2 1 1 1 1 1 1 1 1 
Capital 1 t 1 1 1 2 1 2 1 1 1 t t 1 2 
Century 2 1 1 1 1 1 1 1 1 1 1 2 1 1 1 
Chippewa 2 2 1 1 1 1 2 1 1 2 1 1 1 1 1 
Clark 1 2 1 1 1 1 2 t 1 t 1 t 1 1 0 
CNS 1 1 2 2 2 1 1 1 2 2 1 1 2 
Corsoy 1 1 1 1 1 2 1 2 1 1 1 1 t 1 2 
Dorman 1 2 2 1 1 1 1 t 1 1 2 1 2 2 1 
OuntleM 1 2 1 1 2 1 1 1 2 1 2 2 1 
Essex 1 1 2 1 1 1 1 2 t 1 2 1 2 2 1 
Evans 1 1 1 1 1 2 1 1 1 1 1 2 12 12 1 
Ford 1 2 1 1 2 1 1 1 1 2 1 1 1 1 1 
FT1950 1 1 1 1 1 2 2 t t 1 2 1 1 1 
Haberlandt 2 0 2 1 2 1 2 1 1 1 t 1 2 2 
Hark 1 1 1 1 1 2 2 2 t 1 1 1 2 1 2 
Harosoy t 1 1 1 1 2 2 2 1 1 1 2 t 1 2 
Hawkeye 1 2 1 1 1 2 1 1 1 1 1 1 2 1 1 
Hobbll 1 1 1 1 1 1 t 1 1 2 1 2 1 2 
Hood 1 1 2 1 2 1 1 1 1 0 1 1 t 1 2 
Hiitcheson 1 1 1 1 1 1 1 1 t 1 1 2 1 
IHInl 1 2 t 1 1 t t 1 1 2 1 1 1 1 1 
Kent 2 1 0 1 1 1 1 1 1 1 1 1 1 1 
KIngwa 2 2 2 1 1 2 2 t 2 0 1 1 1 0 
Lee 1 1 2 2 1 1 1 t 1 2 1 1 1 1 1 
Lincoln 2 2 1 1 1 1 1 1 1 2 1 1 1 1 1 
Man chu t 2 1 1 2 1 1 1 1 2 1 1 12 1 2 
Mandarin 1 1 2 1 1 2 2 2 1 1 1 1 1 1 2 
Mandarin Ottawa 1 1 2 1 1 2 2 2 1 1 1 2 1 1 2 
Manitoba Brown 1 t 2 2 0 1 0 t 1 1 t 2 2 
McCall 2 t2 2 1 1 1 2 1 1 1 1 1 1 1 1 
Merit 1 1 t 1 1 2 t 1 1 t 1 1 2 1 
Mukden 1 2 1 1 1 2 1 1 1 2 1 1 2 0 
N44-92 1 1 0 1 2 1 1 t 1 1 1 1 2 1 2 
N45-2994 1 3 0 1 1 1 1 t 1 1 1 1 2 1 2 
Ogden 1 1 1 1 2 1 1 1 1 1 1 1 2 1 0 
Pagoda 2 1 2 1 1 2 2 1 1 1 1 1 1 2 
Patoka 1 1 1 1 1 1 1 2 1 1 1 2 2 1 
Peking 2 23 1 t 1 t 2 t 1 2 1 1 1 2 
Pella t 2 1 2 2 1 2 1 1 1 1 1 1 1 1 
Perry 1 1 2 1 2 1 1 1 1 1 1 2 1 
PI54610-1 1 1 2 1 2 t t t 2 t 1 1 2 2 
PI54610-4 1 2 1 1 2 1 1 2 2 1 1 1 1 1 1 
PI71S06 1 2 1 1 1 2 2 1 t 1 1 1 1 1 
Ransom t 1 2 2 1 1 t 1 t 1 0 2 1 2 
Rkhland 1 0 0 1 2 1 2 1 1 1 1 1 0 1 0 
Roanoke t 1 2 2 2 t t t 2 1 1 1 2 1 2 
S100 1 2 1 0 1 2 0 1 0 1 1 1 1 1 
Shelby 1 0 2 1 2 1 2 1 1 1 1 1 1 1 1 
Tokyo 1 3 2 1 1 1 1 1 1 1 1 t 2 1 0 
Wayne 1 1 2 2 2 1 2 1 1 2 2 2 1 1 1 
WUNams t 1 2 1 1 1 t 1 1 2 2 1 1 1 1 
York 1 0 2 1 2 1 1 1 1 1 1 t 1 1 1 
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âenotype B212 A708 K014.2 T092 K069.1 A112 R017 A426C A816 A890 Bzië K4d& A23&.1 Aà?8 ASB6 A681 
6.06 6,08 6,124 6.17 7 7.02 7.04 7.07 7.08 7,09 7.1 7.11 7.12 7.13 7.14 7.15 
•STB8? \ 1 B 2 1 1 \ S \ 1 \ 1 1 3 \ r-
A2943 21 122111 1121 2111 
A3127 21 1 02101 1121 2 112 
Acme 3222 1111 0010 1 221 
Adams 1121121111112121 
Adelphia 11 21 112211022112 
AK Harrow 11 1 1 1211 1111 2122 
Amsoy 1112 11111111112 1 
Arksoy 3221 1211 iili i 112 
B216 2221 11122111 2211 
Beeson 112111111102 1211 
BiackHawk 2 2 1 1 1111 1111 1 111 
Bonus 11 1 1 1112 1111 1 112 
BSR201 11 21 111121122211 
Calland 1121112211011011 
Capital 11 1 2 12 11 1131 1 221 
Century it 21 11221111 t 112 
Chippewa 1121111121112112 
Clark 1121111121112112 
CNS 321 221121211 1 122 
Corsoy 1112121111111221 
Dorman 3221 2211 toot 2121 
Dunlleld 21 2 1 12 11 1221 2 121 
Essex 21 1 22101 1121 1 112 
Evans 1112111111211121 
Ford 1121111121112112 
FT1950 2 1 2 1 0 1 21 1111 2111 
Haberlandt 3012121011111111 
Haik 1112 1111111112 11 
Harosoy 1112111111111221 
Hawkeys 221 11111 lilt 1211 
HobbH 32121111 1 2 0 1  1  1 1 1  
Hood 3 2  1  2 1  1 2 2 1  1 2  1 2  2  I  1 2 1  
Hutctieson 31 1 1 2121 10 2 1 2 1 1 1  
lltkll 11 1 1 12 11 1111 2122 
Kent 1021 11221112 1 111 
Klngwa 320001220111 2 121 
Lee 1212211110111110 
Lincoln 1121111121212112 
Manchu 2112111111212121 
Mandarin 22 1 1 1111 1110 1 221 
Mandarin Ottawa 22 i 2 1111 112 1 1 2 2 1  
Manitoba Brown 3022101100121211 
McCall 11 12111111002100 
Merit 12121111 1111 1 121 
Mukden 221 1 1111 1111 1 200 
N44-92 3 0 1 2112211121 111 
N45-2994 3 2 1 1 1211 1 1 1 1 1 211 
Ogden 32 1 1 11221112 1 111 
Pagoda 2222 1101 1012 1 221 
Patoka 21 1 2 1111 1221 2021 
Peking 22 1 221122331 1 111 
PeHa 2121 11120111 2112 
Perry 2C i 2 1 i i 1 oooi 2021 
PI54610-1 2221 1121 1111 2121 
PIS4610-4 22221121 1121 2121 
PI71506 2 1 22 11121111 1 121 
Ransom 32121111 1221 1 111 
Rkhland 2  2 2  1  1 1 1 1  1 1 1 1  2110 
Roanoke 21 1 1 11221111 2121 
S100 10 1 1 1111 0010 1 010 
Shelby 0 1 2 1  11112111 2112 
Tokyo 3211211111112122 
Wayne 2 2 2 1 1 1 1 2 2 1 1 1 2 1 1 2 
Wmiams 1121111111112112 
York 3221 2211 11 12 1 2121 
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Genotype A199.1 K003 S555 K367 B164 A023 S3ST K385 A9<t6.2 K417.3 K070 A064 A071.1 K418.1 
11.09 11.14 11.15 11.16 12 12.05 12.1 12.13 13 13.06 13.1 13.15 14 14.03 
1 5 2 ! \ 1 ; 1 1 2 1 » ! \— 
A2943 1111 1 111111 
A3127 11112 2 1  
Acme 02 2 20122111 
Adorns 1112 211211 2  
Adelphia 1112 11112 111 
AK Harrow 122 211  
Amaoy 1212 1 1 121 121 
Arksoy 1 12 1122  121 
B216 21 11111232 
Beeson 111211  1 2 11 
BlackHawk 1 12 1111  
Bonus 111 11 112 12 11 
BSR201 1112 1 11  11 
Calland 0 211 112 21  
Capital 12212222 11 1 
Century 11 111112 12 11 
Chippewa 1 2 2 11 0  
Clark 11111111 2 11 
CNS 1 2 222 11132 
Corsoy 2 12 1 12 11 
Domtan 2 2 1 1 1 1 2 2 1 1 1 1 2 1  
DunlleM 1 2211211  
Essex 1 1 1 12 22 2 1 1 1 1 32 
Evans 1 1 1 1 2 2 1 12 1 2 1 1 1 1 
Ford 1112 11 1112 11 
FT1950 1 11 0 11  
Haberlandt 21 1 01221 1 1 101 
Hark 12 11 11 2 1111 
Harosoy 2 22 1  
Hawkeye 11111111 11111 
Hobt)H 1112 112 1  
Hood 01 1 11221 
Hutcheson 121 22221 01 132 
IHmi 1 1 1 1 2 2 1 1 2 1 1 1 1 1  
Kent 20111121221 
Klngwa 1 12 22  121 
Lee 11 1 1 12 22101 132 
Lincoln 1112 111 1 2 11 
Manchu 22 2 1 2  
Mandarin 1221 2202  1 11 
Mandarin Ottawa 1 2 2 1 2 2 2 2 1 2 1 1 1 1  
Manitoba Brown 20 0100102101 
McCall 1221 12 222 21 111 
Merit 11 1 1 1  
Mukden 1112 11 1 11 11 
N44-92 21 1 1102 12 1 1 1 122 
N45-2994 1 2 1 21121 1 1 1231 
Ogden 1 1 121222 
Pagoda 22222222  111 
Patoka 1111 1112  
Peking 221 1221 3221 121 
Pella 11 211 11 21  
Perry 11 1 2220 01121 
PI54610-1 1 1 1 2 1 1 111 1 112 1 
PI54610-4 22 112 1 2 
PI71S06 1 22111221 12 1 31 
Ransom 112 1 112  
Richland 1 11112 1112 11 
Roanoke 112 21 2  1 1 1  
S100 00 00100101100 
Shelby 11111 12 1112 11 
Tokyo 2 21220 2 1  
Wayne 11111 11111232 
WIHIams 1  11 
York 12 11112 2 11111  
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Genotype A280 
14.04 
B162.1 K494.1 A882 A567 A481 K250 
14.06 14.14 
•751584 ' 1 • 2 1 0 t t t 
A2943 1 t t 0 t t t 
A3127 1 2 0 t t 1 
Acme t t t 2 2 t 2 
Adams 1 t t 1 t t t 
Adelphia 1 t t t 1 t 
AKHaitow 1 1 1 1 1 1 1 
Amsoy t 2 1 t 1 1 1 
Aflaoy t t 1 0 1 t t 
B2ie 1 1 1 0 1 1 2 
Beeson t 1 t 0 1 t 1 
BlackHawk 1 t 2 t t t 2 
Bonus 1 2 1 0 1 1 1 
BSFI201 t 1 t 0 t t 2 
CaJland 1 2 1 2 t t 1 
CapKal t 1 2 1 1 t 2 
Century t 2 t 2 t t 1 
Chippewa 1 2 2 t 1 2 
Clark 1 t 0 t t 2 
CNS 1 1 2 2 2 t 1 
Corsoy 2 t 0 1 t 0 
Dofman t t t 0 t t 1 
DunlleW 1 1 t t t 1 2 
Essex t 1 2 0 t t t 
Evans 1 t t t t 
Fotd t t 2 t t 2 
FTt950 1 t t 0 t t 1 
Habeilandl 1 1 2 0 t 1 1 
Haik 1 1 t 2 1 t 2 
Harosoy t 2 t 2 1 1 1 
Hawfceye t 1 t 1 1 t 2 
Hobbit t 2 t 2 t t 
Hood 1 1 2 0 2 1 1 
Hutcheson t t t 0 1 t 2 
IHtnl t t t t t t t 
Kent 1 1 0 1 1 1 
KIngwa t 2 2 0 2 t t 
Lee 1 1 1 2 2 t t 
Lincoln t 2 2 t t t 
Manchu 1 t 2 2 1 1 2 
Mandarin 1 2 2 2 t 2 t 
Mandarin Ottawa t 2 2 2 2 2 t 
Manltol» Brown 1 1 0 2 t 2 
McCall 1 0 0 t 1 1 
Merit 1 1 2 t 1 t 2 
Mukden 1 1 2 t t 1 2 
N44-92 1 t t 0 t t 2 
N4S-2994 1 1 t 0 1 t t 
Ogden t t 1 0 t 1 2 
Pagoda t 1 t 2 2 2 t 
Patoka 1 2 0 t t 0 
Peking 1 2 2 0 t 1 t 
Pela 1 2 1 0 t 1 1 
Perry t 0 0 1 1 2 
PI54610-1 1 t 2 0 t 1 2 
PI646tO-4 1 0 2 1 2 1 1 
PI71506 t 1 2 0 t 1 2 
Ransom 1 t 2 0 2 t t 
RkJhIand 1 1 1 0 1 1 2 
Roanoke 1 1 t 0 t 1 t 
S100 t t 1 0 0 2 
Shelby 1 t 2 t t 2 
Tokyo 1 t 1 t t t 1 
Wayne 1 t t 2 t t 2 
Williams 2 1 1 0 t t 2 
York 1 t t 0 2 1 1 
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APPENDIX C. RFLP SIMILARITY MATRIX 
AA AB 
AA Peking 1 0.66 
AB KIngwa 0.66 1 
AC Mandarin 0.56 0.57 
AD Mandarin Ottawa 0.54 0.58 
AE Manchu 0.59 0.57 
AF Rkjhiand 0.58 0.53 
AG AK Harrow 0.53 0.59 
AH lllnl 0.54 0.60 
AI 3100 0.45 0.50 
AJ Mukden 0.50 0.55 
AK Duntleld 0.53 0.52 
AL CNS 0.50 0.49 
AM ManHoba Brown 0.40 0.44 
AN Tokyo 0.47 0.51 
AO PI54810-1 0.49 0.61 
AP PI54610-4 0.48 0.62 
AO Habertandt 0.52 0.49 
AR Paloka 0.53 0.51 
A3 P171506 0.56 0.56 
AT Arksoy 0.48 0.51 
AU Roanoke 0.46 0.S8 
AV Ogden 0.49 0.57 
AW Lincoln 0.47 0.51 
AX Pagoda 0.52 0.59 
AY Acme 0.46 0.51 
AZ Capital 0.51 0.51 
BA hawkeye 0.54 0.52 
BB Blackhawk 0.55 0.55 
BC Lee o.se 0.56 
BD Adams 0.53 0.61 
BE Harosoy 0.55 0.60 
BF Perry 0.58 0.59 
BG Dorman 0.48 0.52 
BH Chippewa 0.49 0.53 
Bl Ford 0.45 0.47 
BJ Shelby 0.47 0.49 
BK Clark 0.47 0.49 
BL Merit 0.61 0.61 
BM Kent 0.48 0.57 
BN Amsoy 0.57 0.58 
BO Hark 0.55 0.51 
BP N44-92 0.48 0.51 
BO N4S-2994 0.45 0.42 
BR Corsoy 0.51 0.58 
BS Beeson 0.47 0.54 
BT CaKand 0.48 0.57 
BU A1564 0.56 0.60 
BV Adelphia 0.44 0.51 
BW Evans 0.62 0.61 
BX Hood 0.48 0.59 
BY Wayne 0.46 0.45 
BZ B216 0.49 0.46 
CA Bonus 0.50 0.51 
CB McCall 0.55 0.60 
CC Pella 0.48 0.51 
CD York 0.46 0.54 
CE WINIams 0.45 0.46 
CF Century 0.49 0.56 
CG Hobbit 0.52 0.51 
CH A2943 0.57 0.60 
CI A3127 0.53 0.53 
CJ BSR201 0.46 0.49 
CK Essex 0.50 0.48 
CL FT19S0 0.51 0.58 
CM Hutcheson 0.54 0.49 
CN Ransom 0.51 0.58 
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AC AD AE AF AG AH 
0.56 0.54 0.59 0,58 0.53 0.54 
0.57 0.58 0.57 0.53 0.59 6.00 
1 0.93 058 0.64 0.54 0.54 
0.93 1 0.56 0.62 0.48 0.48 
0.58 0.56 1 0.66 0.67 0.65 
0.64 0.62 0.86 1 0.64 0.66 
0.54 0.48 0.67 0.64 1 0.99 
0.54 0.48 0.65 0.66 0.99 1 
0.62 0.56 0.52 0.70 0.81 0.79 
0.59 0.58 0.59 0.71 0.62 0.62 
0.48 0.47 0.72 0.65 0,73 0.72 
0.52 0,57 0.54 0.59 0.46 0.46 
0.56 0.55 0.46 0.59 0.48 0.48 
0.63 0.59 0.63 0.70 0.66 0,65 
0.55 0.49 0.69 0.68 0.65 0,64 
0.55 0.57 0.67 0.71 0.63 0.63 
0.61 0.59 0.59 0.68 0.54 0.56 
0.61 0.67 0.75 0.67 0.64 0.65 
0.62 0.61 0.64 0.70 0.54 0,65 
0.60 0.59 0.51 0.65 0.60 0,62 
0.55 0.50 0.67 0.65 0.63 0.65 
0.55 0.47 0.63 0.61 0.60 0.61 
0.47 0.46 0.65 0.64 0.75 0.73 
0.78 0.80 0.52 0.60 0.47 0.47 
0.80 0.80 0.55 0.65 0.53 0.52 
0.71 0.73 0.62 0.60 0.68 0.67 
0.65 0.64 0.59 0.84 0.63 0.63 
0.61 0.60 0.57 0.80 0.63 0.65 
0.58 0.57 0.58 0.65 0.78 0.77 
0.49 0.44 0.75 0.65 0.91 0.90 
0.84 0.84 0.55 0.61 0.66 0.66 
0.63 0.62 0.75 0,75 0.66 0.67 
0.56 0.53 0.60 0.63 0.60 0.62 
0.47 0.47 0.61 0.72 0.68 0.69 
0.46 0.43 0.66 0.75 0.74 0.73 
0.53 0.50 0.63 0.82 0.70 0.70 
0.48 0.45 0.62 0.76 0.74 0.75 
0.66 0.67 0.62 0.76 0.71 0.71 
0.51 0.43 0.59 0.55 0,67 0.66 
0.71 0.72 0.58 0.60 0.73 0.72 
0.76 0.75 0.58 0.71 0,59 0.59 
0.54 0.51 0.61 0.63 0.56 0.58 
0.63 0.58 0.64 0.65 0.57 0.59 
0.79 0.80 0.59 0.60 0.63 0.63 
0.60 0.59 0.52 0.67 0.72 0.71 
0.65 0.63 0.53 0,67 0.60 0.59 
0.76 0.74 0.55 0.64 0.64 0.64 
0.51 0.44 0.62 0.59 0.76 0.74 
0.71 0.75 0.62 0.70 0.74 0.76 
0.57 0.56 0.66 0.57 0.56 0.55 
0.48 0,47 0.56 0.75 0.63 0.63 
0.62 0.59 0.58 0.77 0.55 0.54 
0.64 0.62 0.54 0.64 0.72 0.71 
0.80 0.79 0.56 0.68 0.65 0.65 
0.54 0.50 0.59 0.72 0.66 0.65 
0.61 0.61 0.61 0.68 0.67 0.66 
0.51 0.47 0.66 0.73 0.76 0.75 
0.59 0.57 0.53 0.63 0.67 0.66 
0.56 0.59 0.61 0.62 0.65 0.63 
0.65 0.66 0.68 0.73 0.72 0.71 
0.60 0.60 0.67 0.70 0.75 0.75 
0.50 0.48 0.63 0.71 0.75 0.73 
0.56 0.56 0.61 0.63 0.67 0.66 
0.56 0.56 0.63 0.74 0.77 0.76 
0.64 0.52 0.67 0.61 0.67 0.65 
0.52 0.57 0,64 0.55 0.58 0.57 
AI AJ AK AL AM AN 
0.45 0.50 0.53 0.50 0.40 0.47 
0.50 0.55 0.52 0,49 0.44 0.51 
0.62 0.59 0.48 0,52 0.56 0.63 
0.56 0.58 0.47 0.57 0.55 0.59 
052 0.59 0.72 0.54 0.46 0.63 
0.70 0.71 0.65 0.59 0.59 0.70 
0.81 0.62 0.73 0.46 0.48 0.66 
0.79 0.62 0.72 0.46 0.48 0.65 
1 0.66 0,63 0.38 0.60 0.64 
0.66 1 0,65 0.51 0.55 0,57 
0.63 0.65 1 0.48 0.55 0.61 
0.38 0.51 0.48 1 0.55 0.53 
0.60 0.55 0,55 0.55 1 0.62 
0.64 0.57 0.61 0.03 0.62 1 
0.67 0.69 0.71 0.47 0.57 0.60 
0.58 0.65 0.69 0.51 0.46 0.58 
059 0.63 0 56 0.57 0.67 0.63 
0,59 0.57 0,70 0.54 0.52 0,69 
0.61 0.61 0.53 0.60 0.62 0.62 
066 0.56 0.46 0.55 0.58 0.65 
0,62 0.53 0.58 0.52 0.60 0.74 
0.69 0.56 0.61 0.49 0.65 0.66 
0.70 0.60 0.61 0.46 0.45 0.60 
0,60 0.56 0.52 0.56 0.75 0,59 
0,57 0.56 0.55 0.56 0.81 0.65 
0.73 0.58 0.56 0.49 0.55 0.65 
0.76 0.89 0.65 0.51 0.60 0.61 
0.71 0.91 0.67 0.57 0.57 0.59 
0.83 0.55 0.61 0.66 0.62 0.64 
0.79 0.62 0.81 0.45 0.48 0.63 
0.68 0.61 0.52 0.48 0.56 0.60 
0.65 0.69 0.73 0.57 0.67 0.67 
0.61 0.55 0.68 0.49 0.64 0.73 
0.71 0.61 0.55 0,47 0.44 0.55 
0.75 0.63 0.64 0.49 0.51 0,61 
0.75 0.53 0.60 0.53 0.61 0,66 
0.75 0.57 059 0.47 0.58 0.60 
0.75 0.73 0.68 0.55 0.60 0.66 
0.71 0.55 0.56 0.40 0.56 0.56 
0.76 0.62 0.60 0.49 0.48 0.62 
0.73 0.68 0.54 0.46 0.66 0.61 
0.63 0.59 0.63 0.59 0.69 0.65 
0.63 0.60 0.66 0.53 0.66 0.75 
0.66 0.60 0.55 0.50 0.60 0.65 
0.75 0.66 0.60 0.42 0.60 0.58 
0.66 0.63 0.55 0.46 0.56 0.54 
0.69 0.65 0.65 0.48 0.64 0.60 
0.74 0.57 0.65 0.45 0,50 0.60 
0.70 0.67 0.66 0.55 0,53 0.66 
0.59 0.57 0.62 0.68 0.68 0.65 
0.63 0.57 0.60 0.63 0.55 0.58 
0.64 0.61 0.56 0.58 0.60 0.60 
0.72 0.64 0.64 0.48 0.52 0.61 
0.72 0.55 0.55 0.52 0.61 0.69 
0.66 0.63 0.58 0.53 0.48 0.56 
0.64 0.57 0.66 0.61 0.66 0.74 
0.73 0.59 0.69 0.52 0.60 0.67 
0.62 0.58 0.55 0.47 0 52 0.59 
0.73 0.65 0.65 0.61 0.69 0.64 
0.71 0.65 0.67 0.52 0.65 0.69 
0.68 0.59 0.67 0.60 0.57 0.69 
0.78 0.62 0.62 0.45 0.60 0.61 
0.61 0.59 0.64 0.67 0.61 0.65 
0.74 0.62 0.67 0.51 0.57 0.64 
0.70 0.53 0.70 0.57 0.60 0.66 
0.65 0.59 0.55 0.58 0.68 0.69 
AO AP 
AA Peking 0.49 0.48 
AB KIngwa 0.61 0.62 
AC Mandarin 055 0.55 
AD Mandarin Ottawa 0.49 0.57 
AE Manchu 069 0.67 
AF Richland 0.68 0.71 
AG AK Harrow 0.65 0.63 
AH mmi 0.64 0.63 
AI 8100 0,67 0.58 
AJ Mukden 0.69 0.65 
AK DunlleW 0,71 0.69 
AL CNS 0.47 0.51 
AM Manitoba Brown 0.57 0,46 
AN Tokyo 0.60 0.58 
AO PIS4610-1 1 0,76 
AP PI54610-4 0,76 1 
AO Haberlandt 0,60 0,55 
AR Patoka 0.61 0,64 
AS PI71S06 0.55 0,54 
AT Arksoy 0.65 0,55 
AU Roanoke 0.73 0,64 
AV Ogden 0.74 0,61 
AW Lincoln 062 0,60 
AX Pagoda 0.52 0,53 
AY Acme 0.61 0,57 
AZ CapNal 0.57 0,54 
BA hawkeye 0.65 0.66 
BB Blackhawk 0.67 0,65 
BC Lee 062 0,60 
BD Adams 0.74 0,68 
BE Harosoy 0.53 0,57 
BF Perry 0.76 0,71 
BG Dornvin 0.64 0,53 
BH Chippewa 0.59 0,54 
Bl Ford 0.65 0,62 
BJ Shelby 0.65 0,57 
BK Clark 0.60 0.54 
BL Merit 0.66 0.64 
BM Kent 0.72 0.59 
BN Amsoy 0.60 0.65 
BO Hark 0,60 0.57 
BP N44-92 0,69 0.57 
BO N4S-2994 0,62 0.52 
BR Corsoy 0,49 0.53 
BS Beeson 0,66 0,67 
BT Calland 0,66 0,64 
BU A1564 0,58 0,53 
BV Adelphia 0,68 0.60 
BW Evans 0,61 0.67 
BX Hood 0,67 0.60 
BY Wayne 0.62 0.55 
BZ B216 0.58 0.55 
CA Bonus 0.61 0.57 
CB McCall 0.54 0.55 
CC Pella 0.63 0.62 
CD York 0.64 0.64 
CE Williams 0.70 0.58 
CF Century 0.64 0.61 
CG Hobbit 0.67 0.62 
CH A2943 0.65 0.64 
CI A3127 0.66 0.64 
CJ BSR201 0.66 0.60 
CK Essex 062 0.60 
CL FT1950 0.72 0.63 
CM Hutcheson 0.63 0.52 
CN Ransom 0.69 0.61 
255 
AO AR AS AT AU AV 
0.52 0.53 056 0.48 0,46 049 
0.49 0.51 0.56 051 0,58 0.57 
061 0,61 0.62 060 0,55 055 
059 0,67 0.61 0.59 0,50 047 
0.59 0,75 064 0.51 067 063 
0.68 0,67 0.70 0.65 0,65 0.61 
0.54 0,64 0.54 060 0,63 060 
0.56 0,65 0.55 062 0.65 061 
0.59 0.59 0.61 0.66 062 069 
0.63 0,57 0.61 0.56 0.53 0.56 
056 0.70 0.53 0.48 0.58 0.61 
057 0,54 0.60 0.55 0.52 0.49 
0,67 0,52 0.62 0.58 060 0.65 
0,63 0,69 0.62 0.65 074 0.66 
0.60 0.61 0,55 0.65 0.73 0.74 
055 0.64 0,54 055 0.64 0.61 
1 0,58 0.62 0.64 060 061 
0.58 1 0.66 0.58 063 061 
0.62 0,66 1 0.59 0.60 0.56 
0.64 0,58 0.59 1 0.61 0.63 
060 0.63 0.60 061 1 0.76 
0.61 0.61 0.56 0,63 0.76 1 
053 0.61 0.56 0,58 058 057 
0.62 0.57 0.66 0,59 0.54 0.53 
0.59 0.65 0.58 0.62 0.57 0.60 
0.63 0.70 0.65 0.57 0.61 0.59 
0.65 0.60 0.66 0.60 0.55 0.58 
068 0.66 0.64 0.62 053 0.60 
058 0.63 056 0.63 062 066 
0.55 0.63 0,55 0.62 0.65 0.64 
0.57 0.61 0,59 0.56 0.55 0.53 
0.70 0.78 0,62 0.61 0.69 0.63 
069 0.64 0.62 0,73 060 062 
056 0.60 061 0,57 053 0.57 
0.54 0.57 0.57 0,59 063 0.60 
0.61 0.66 0.65 0,66 0.65 0.65 
0.54 0.61 0.63 0.60 0.60 0.63 
062 0.76 0.65 0,58 0.60 0.64 
055 0.53 0.51 0,58 065 082 
056 0.61 0.55 0,65 060 0.59 
0.64 0.61 0.63 0,62 060 0.60 
0.76 0.63 0.57 0,67 0.69 0.86 
0.73 0.63 0.57 0,76 0.66 0.70 
061 0.67 0.62 0,57 057 0.56 
056 0.58 0.52 0,64 063 0.65 
0,55 0.50 057 0,60 064 0.69 
0,63 0.58 066 0,58 0.61 0.62 
0,54 0.53 0.51 0.56 0.66 0.68 
0,61 0,78 0.63 0.62 0.63 0.60 
0.68 0,60 0.61 0.57 0.70 0.79 
053 0,52 061 0.58 062 0.62 
0.51 0,56 069 0.56 058 0.62 
0.58 0.58 0.55 0.64 0.63 0.69 
0.67 0.67 0.65 0.64 0.57 0.54 
0.49 0.53 0.61 0.60 064 0.65 
0.65 0,64 0.62 0.72 063 0.64 
052 0.66 058 0.64 062 0.66 
0.54 0.56 0.53 0.64 064 0.72 
0.62 0.67 0.58 0.61 0.65 0.69 
0.62 0.72 0.69 0.62 0.66 0.63 
057 0,71 0.58 0.62 064 0.59 
0.52 0.64 0.62 0.60 065 0.67 
0.62 0,72 060 0.60 062 0.60 
0.56 0.66 067 0.64 0.72 0.68 
0.57 0.73 0.63 0 58 0.64 0.72 
0.62 0.66 0.53 0.62 0.75 0.73 
AW AX AY AZ BA BB 
0.47 0.52 0,46 051 0.54 0.55 
0.51 059 0.51 051 0.52 055 
0,47 078 0,60 0,71 0.65 0.61 
0,46 080 0,80 073 0.64 0.60 
0,65 0 52 0,55 062 0.59 057 
0,64 060 0,65 060 0.84 080 
0,75 047 0,53 068 0.63 063 
0,73 0.47 0,52 0.67 0.63 0.65 
0,70 0,60 0,57 073 0.76 071 
0,60 056 0,56 058 0.89 091 
0,61 052 0,55 056 0.65 067 
046 056 0,56 049 0.51 0.57 
0,45 0,75 0,81 055 0.60 0 57 
0,60 0,59 0,65 065 0.61 0.59 
062 052 0.61 057 0.65 067 
0.60 053 0.57 054 0.66 065 
053 062 0.59 063 0.65 0,68 
0.61 057 0.65 070 0.60 0,66 
0.56 0.66 0.58 0.65 0.66 0.64 
0.58 0.59 0.62 0,57 0,60 0.62 
0.58 054 0.57 061 0,55 053 
057 053 0.60 059 0,58 060 
1 049 0.47 061 0,61 059 
0,49 1 0,74 067 62,00 054 
0,47 074 1 064 0.63 057 
0,61 0.67 0,64 1 0.61 0.59 
0.61 062 0.63 061 1 0,87 
0,59 054 0.57 059 0.87 1 
0,66 059 0.62 065 0.62 064 
0,74 049 0.49 066 0.62 062 
0,53 069 0.80 074 0 67 058 
0.59 0.64 0.72 065 0.72 070 
058 059 0.59 057 0.58 059 
0.91 051 0.45 062 0.62 064 
0.91 048 0,49 059 0.68 062 
0.84 052 0.56 061 0.65 063 
0.88 048 0,52 062 0.66 063 
0.60 061 0,69 0,75 0.76 082 
078 056 0,52 059 0.57 055 
062 060 0,68 071 0.65 0.63 
0.55 065 0,76 067 0.79 068 
0.49 059 0,60 058 0.60 065 
0.62 061 0,62 063 0.64 062 
0,52 0,72 0,71 0.84 0.64 060 
074 0,61 0.63 0.63 0.70 063 
0,67 0,61 0.62 060 0.66 061 
0,57 067 0.72 069 0.70 063 
0,79 049 0.45 057 0.57 0.57 
0.62 0.59 0.67 0.72 0.70 0.75 
054 0.62 0.60 060 0.55 059 
076 0,53 0.54 051 0.64 058 
0,63 058 0.65 055 0.71 063 
0,68 052 0.61 063 0.67 063 
0,62 074 0.72 0.70 0,65 062 
0.74 053 0.49 052 0,64 0.62 
062 0.62 0.63 060 0.62 0.64 
084 0,52 056 061 0.65 063 
0,71 0,54 0.59 056 0.62 0.58 
0,70 062 0.60 066 0.66 068 
0.67 065 0.60 065 0.74 069 
079 059 0.57 066 066 064 
081 0,56 0.59 0.63 0.68 059 
0.63 055 0.59 066 0.61 0.66 
0.76 0,59 0.59 066 0.70 0.66 
0.59 055 0.59 066 0.59 061 
0.57 056 0.60 062 0.55 057 
BC BD 
AA Peking 0.56 0.53 
AB KIngwa 0.56 0.61 
AC Mandarin 0.58 0.49 
AD Mandarin Ottawa 0.57 0.44 
AE Manctiu 0.58 0.75 
AF Richland 0.65 065 
AG AK Harrow 0.78 0.91 
AH mini 0.77 090 
AI S100 0.83 079 
AJ Mukden 0.55 0.62 
AK Dunlleld 0.61 0.81 
AL CNS 0.66 045 
AM Manitoba Brown 0.62 048 
AN Tokyo 0.64 0.63 
AO PIS4610-1 0.62 0.74 
AP PIS4eiO-4 0.60 068 
AO Haberlandt 0.58 055 
AR Patoka 0.63 063 
AS PI71S06 0.56 055 
AT Arksoy 0.63 062 
AU Roanoke 0.62 065 
AV Ogden 0.66 0.64 
AW Lincoln 0.66 074 
AX Pagoda 0.59 049 
AY Acme 0.62 049 
AZ Capital 065 0.66 
BA hawkeye 0.62 062 
BB Blackhawk 0.64 0.62 
BC Lee 1 075 
BD Adams 0.75 1 
BE Harosoy 0.57 058 
BF Perry 0.71 069 
BQ Oorman 0.60 068 
BH Chippewa 0.62 0.70 
Bl Ford 0.67 076 
BJ Shelby 0.70 070 
BK Clark 0.65 069 
BL Merit 0.74 070 
BM Kent 0.66 0.75 
BN Amsoy 066 0.73 
BO Hark 060 054 
BP N44-92 0.63 0.60 
BQ N4S-2994 0.60 0.62 
BR Corsoy 0.57 0.59 
BS Beeson 0.66 070 
BT Calland 0.61 0.65 
BU A1564 0.59 058 
BV Adelphia 0.67 OBI 
BW Evans 0.70 069 
BX Hood 0.63 058 
BY Wayne 0.67 062 
BZ B216 057 054 
CA Bonus 0.64 0.65 
CB McCalt 0.67 0.59 
CC Pella 0.62 069 
CO York 0.71 071 
CE WIHIams 0.72 076 
CF Century 0.63 066 
CQ Hobbit 0.73 067 
CH A2943 0.70 067 
CI A3127 075 0.72 
CJ BSR201 0.67 0.75 
CK Essex 0.78 0.63 
CL FT1950 0.71 075 
CM Hutcheson 0.74 067 
CN Ransom 0.71 062 
256 
BE BF BQ BH Bl BJ 
0.55 058 0.48 049 0.45 0.47 
0.60 059 0.52 0.53 0.47 0.49 
0.84 0.63 0.56 0.47 0.46 0.53 
0.84 0.62 0.53 047 043 050 
0.55 0.75 0.60 061 066 063 
0.61 0.75 0.63 072 075 082 
0.66 066 060 068 0.74 0.70 
0.66 0.67 0.62 0.69 0.73 0.70 
0.68 065 0.61 071 0.75 0.75 
0.61 0.69 0.55 061 063 053 
0.52 0.73 0.68 05S 064 060 
0.48 0.57 0.49 047 049 053 
0.56 067 0.64 044 051 061 
0.60 067 0.73 055 061 0.66 
0.53 076 0.64 059 0.65 065 
0.57 071 0.53 0.54 0.62 0.57 
0.57 070 0.69 056 0.54 061 
0.61 0.78 0.64 060 0.57 066 
0.59 062 0.62 061 057 0.65 
0.56 0.61 0.73 0.57 059 0.66 
0.55 069 0.60 0.53 0.63 0.65 
0.53 063 0.62 0.57 060 0.65 
0.53 059 0.58 091 0.91 064 
0.69 064 0.59 051 0.48 052 
0.80 072 0.59 0.45 0.49 056 
0.74 0.65 0.57 062 0.59 061 
0.67 0.72 0.58 062 068 065 
0.58 0.70 0.59 0.64 0.62 0.63 
0.57 071 060 0.62 0.67 0.70 
0.58 069 0.68 0.70 0.76 0.70 
1 062 0.49 0.51 0.54 052 
0.62 1 0.67 0.58 0.66 069 
0.49 0.67 1 056 058 062 
0.51 0.58 0.56 1 0.86 086 
0.54 066 0.58 086 1 089 
0.52 069 0.62 OB6 089 1 
0.55 061 0.60 087 089 0.94 
0.70 078 0.58 0.63 0.61 0.66 
0.55 057 0.56 0.73 0.73 070 
0.86 066 0.55 0.61 0.65 0.57 
0.86 068 0.53 053 0.62 063 
0.56 065 0.68 050 0.58 060 
0.57 0.61 0.76 058 063 065 
0.88 0.64 0.56 053 054 055 
0.73 0.64 0.52 067 0.72 066 
0.72 0.60 0.53 065 069 0.70 
0.91 062 0.53 054 0.58 0.56 
0.51 055 0.59 073 0.77 0.74 
0.83 075 0.57 0.58 0.61 0.62 
0.55 OS8 0.56 0.50 0.54 057 
0.52 061 0.56 077 0.81 082 
0.64 059 0.56 064 0.68 070 
0.76 0.57 0.53 0.64 0.67 0.66 
0.82 0.74 0.59 060 0.60 0.65 
0.55 058 0.53 072 0.78 0.77 
0.53 067 0.83 056 0.64 069 
0.54 066 0.65 079 083 0.87 
0.69 057 0.53 0.64 0.70 0.69 
0.56 070 0.58 0.65 066 066 
0.70 075 0.67 060 0.67 0.71 
0.58 077 0.65 0.69 0.75 080 
0.63 064 0.55 079 0.84 082 
0.53 075 0.63 057 0.62 068 
0.66 0.63 0.63 071 0.75 080 
0.52 071 0.73 055 0.60 067 
0.52 067 0.61 052 052 053 
BK BL BM BN BO BP 
0.47 061 048 0.57 055 0.48 
0.49 0.61 0.57 0.58 051 0.51 
0.48 0.66 0.51 0.71 0.76 0.54 
045 067 0.43 0.72 0.75 0.51 
062 062 059 0.58 0.58 0.61 
0.76 076 0.55 0.60 071 0.63 
074 071 067 0.73 0.59 0.56 
0.75 071 066 0.72 0.59 0.58 
075 0.75 071 076 073 0.63 
0.57 0.73 0.55 0.62 068 0.59 
059 068 0.56 0.60 0.54 063 
047 055 0.40 0.49 046 0.59 
OS8 060 056 0.48 066 0.69 
0.60 066 0.56 0.62 061 0.65 
0.60 066 072 0.60 0.60 0.69 
0.54 0.64 059 0.65 0.57 0.57 
054 0.62 055 056 064 0.76 
061 0.76 053 0.61 061 0.63 
063 0.65 0.51 0.55 0.63 0.57 
060 058 0.58 0.65 062 0.67 
060 060 065 0.60 060 0.69 
0.63 064 082 0.59 0.60 0.86 
088 0.60 078 0.62 0.55 0.49 
048 0.61 056 060 0.65 0.59 
052 0.69 052 068 076 0.60 
062 0.75 0.59 071 0.67 0.58 
066 0.76 0.57 0.65 0.79 0.60 
0.63 0.82 0.55 0.63 0.6B 0.65 
065 074 066 0.66 0.60 0.63 
0.69 070 0.75 0.73 0.54 0.60 
055 070 055 086 0.86 0.56 
061 0.78 057 0.66 0.68 0.65 
060 058 056 055 053 0.68 
087 0.63 073 061 053 0.50 
089 0.61 0.73 065 062 0.58 
094 0.66 0.70 0.57 063 0.60 
1 064 0.72 0.57 063 0.56 
0.64 1 0.63 0.71 074 0.65 
072 063 1 064 055 0.65 
0.57 071 064 1 076 0.59 
0.63 074 0.55 0.76 1 0.65 
0.56 0.65 065 0.59 0.65 1 
064 0.61 064 0.60 065 0.75 
055 0.70 055 0.78 0.79 0.59 
068 0.67 079 0.75 0.72 0.58 
065 0.65 OBI 071 0.72 0.61 
059 0.70 062 077 087 0.64 
073 0.56 0.85 063 051 0.58 
060 0.91 0.61 OB4 076 0.65 
054 057 0.68 056 054 0.77 
0.79 053 064 056 054 0.58 
0.72 057 0.56 058 068 0.61 
0.67 0.64 0.77 0.77 071 0.60 
060 071 0.57 0.7B 0.79 0.60 
0.77 0.57 073 0.63 0.57 0.58 
0.64 0.61 061 0.57 0.57 0.65 
087 064 074 0.60 060 0.61 
067 0.63 0.83 0.71 0.69 0.63 
0.67 069 0.68 065 062 0.63 
069 073 0.64 0.66 0.77 0.68 
0.77 069 0.67 064 060 0.61 
0.84 065 0.75 065 067 0.60 
0.62 069 0.57 0.60 058 065 
0.80 068 0.74 0.65 067 0.62 
0.65 0.68 063 0.59 061 0.69 
053 0.61 064 060 0.56 0.65 
BO BR BS 
AA Peking 0,45 051 0.47 
AB KIngwa 0,42 0,58 0.54 
AC Mandarin 063 079 0.60 
AD Mandarin Ottawa 0,58 080 0.59 
AE Manchu 0,64 059 0.52 
AF Richland 0,65 060 0.67 
AG AK Harrow 0,57 063 0.72 
AH Mini 0.59 0.63 0.71 
AI 8100 0.63 0,66 0.75 
AJ Muliden 0.60 060 0.66 
AK Dunlleld 0.56 055 0.60 
AL CNS 0.53 050 0.42 
AM Manitoba Brown 0,66 060 0.60 
AN Tokyo 0,75 0,65 0.58 
AO PI54610-1 062 049 0.66 
AP PI54610-4 0,52 053 0.67 
AO Haberlandt 0.73 061 0.56 
AH Patoka 063 067 0.58 
AS PI71506 0,57 062 0.52 
AT Arksoy 0.76 057 0.64 
AU Roanoke 066 0.57 0.63 
AV Ogden 070 056 0.65 
AW Lincoln 0.62 052 0.74 
AX Pagoda 061 0,72 0.61 
AY Acme 0.62 071 0.63 
AZ Capital 0.63 084 0.63 
BA hawkeye 064 064 0.70 
BB Blackhawk 062 060 0.63 
BC Lee 0.60 057 0.66 
BD Adams 0.62 0,59 0.70 
BE Harosoy 057 088 0.73 
BF Peny 061 064 0.64 
BO Dorman 076 0,56 0.52 
BH Chippewa 0.58 0,53 0.67 
Bl Ford 0.63 054 0.72 
BJ Shelby 0.65 OS5 0.66 
BK Clark 064 055 0.68 
BL Merit 0.61 0.70 0,67 
BM Kent 0.64 055 0.79 
BN Aitwoy 060 078 0.75 
BO Hark 065 0.79 0.72 
BP N44-92 075 059 058 
BO N45.2994 1 060 61.00 
BR Corsoy 060 1 0.65 
BS Beeson 061 065 1 
BT Calland 0.59 065 081 
BU A1564 062 083 0.77 
BV Adelptlia 060 052 0.70 
BW Evans 060 076 076 
BX Hood 0,65 056 0.56 
BY Wayne 057 047 064 
BZ B216 064 0.61 061 
CA Bonus 061 070 0.64 
CB McCall 059 079 0.72 
CC Pella 060 055 068 
CD York 0,72 0.60 060 
CE Williams 067 054 0.70 
CF Century 059 065 0.84 
CG Hot>bit 0,69 0.57 0.67 
CH A2943 0,66 067 0.73 
CI A3127 064 060 0.66 
CJ BSR201 062 0.57 082 
CK Essex 0,61 0.56 0.59 
CL FT1950 0.61 059 0.77 
CM Hutcheson 064 060 055 
CN Ransom 064 056 060 
257 
BT BU BV BW BX BY BZ CA CB CC CD 
0.48 0.56 0.44 0.62 0.48 0.46 0.49 0.50 0,55 0.48 0.46 
0.57 0.60 0.51 061 0.59 0.45 0.46 0.51 0.60 0.51 0.54 
0.65 0.76 0.51 0.71 0.57 0,48 062 0.64 0.80 0.54 0.61 
0.63 0.74 0.44 0.75 0.56 047 0,59 0,62 0,79 0,50 0.61 
0.53 0.55 0.62 0.82 0.66 0.56 0.58 0.54 0,56 0,59 0,61 
0,67 0,64 0,59 0,70 0,57 0,75 0,77 064 0,68 0,72 0,68 
0,60 0,64 0,76 0,74 0,56 063 055 0,72 065 066 0,67 
0,59 0.64 0,74 0.76 0.55 0,63 0,54 0,71 0,65 065 0.66 
0.66 0,69 0.74 0.70 0.59 0.63 0.64 0.72 0.72 0.66 0.64 
063 0.65 0.57 0.67 0.57 057 061 0.64 0.55 0.63 0.57 
0.55 0.55 0.65 066 052 0.60 0.56 054 0.55 058 066 
0,46 048 0.45 055 068 0,63 0,58 0.48 0,52 0,53 061 
056 0,64 0,50 0,53 0,68 055 060 0,52 0.61 0.48 0.66 
0.54 0.60 0.60 0,66 0,65 058 060 0,61 069 0.56 0,74 
066 058 068 061 067 0,62 058 061 0,54 063 064 
0.64 0.53 060 0.67 060 0.55 0.55 057 0.55 0.62 064 
055 0.63 0.54 061 0.68 053 051 058 067 0.49 0,65 
0,50 058 0,53 078 0,60 0,52 056 0,58 0,67 053 064 
057 0,66 051 063 061 0.61 0,69 0.55 0,65 061 062 
060 0,58 0,56 062 057 058 056 064 0,64 0,60 0,72 
064 0,61 0.66 063 0.70 062 058 0.63 0.57 0.64 0.63 
0.69 062 088 060 079 0.62 0.62 0.69 0.54 065 064 
067 0.57 0.79 062 054 076 063 068 0.62 0.74 0.62 
061 0.67 0.49 059 0.62 053 058 052 0.74 0.53 0.62 
0.62 072 045 067 0.60 0.54 065 0.61 0,72 49,00 0,63 
060 0,69 057 0,72 0,60 0,51 055 0.63 0.70 0.52 0.60 
066 0.70 0.57 0.70 0.55 064 0.71 067 0.65 064 062 
061 0.63 057 075 0.59 058 063 063 0.62 0.62 0.64 
061 0.59 067 070 063 067 057 0.64 0.67 062 0.71 
0.65 0.58 0.81 0.69 0.58 0.62 0,54 0,65 0,59 0,69 0.71 
072 0.91 0,51 083 0,55 0,52 064 076 0,82 0,55 0,53 
0.60 0,62 055 075 058 0,61 059 0,57 0.74 0.58 0.67 
053 0.53 059 057 058 0.56 0,56 0,53 0,59 053 0,83 
0,65 0,54 0,73 0.58 0,50 0.77 0,64 0,64 0,60 0.72 056 
0.69 0,58 077 061 054 0,81 068 067 0,60 0,78 0,64 
070 0,56 074 062 057 0,82 070 0,66 0,65 0.77 0,69 
065 0,59 0,73 0,60 054 079 072 0.67 0.60 077 064 
065 0,70 0,56 091 0,57 0,53 0,57 0.64 0,71 0.57 061 
0,81 0,62 0,85 0,61 0.68 0.64 0.56 0.77 0,57 0,73 0,61 
71,00 0,77 0,63 0,84 0,56 0,56 0,58 0,77 0,78 0,63 0,57 
072 0.87 0.51 0.76 0.54 0.54 0.68 0.71 0.79 057 057 
061 0.64 058 065 0.77 0.58 061 060 0.60 058 065 
0,59 0,62 060 060 065 0,57 064 0,61 059 0,60 0,72 
065 0,83 052 0,76 056 0.47 061 0.70 0.79 055 0.60 
081 0.77 0.70 076 0.56 064 0.61 0,84 0,72 068 060 
1 0,77 073 0,71 0,57 0,66 062 085 0,65 0,79 058 
077 1 0,58 0,79 059 0,56 0,70 0,81 0,82 064 0,57 
073 0,58 1 058 063 0,66 0,51 0,70 0,60 071 0,66 
071 0.79 058 1 0.59 053 0.57 076 0.79 061 061 
0,57 0,59 0,63 0,59 1 0,57 0,59 0,61 0,57 0,54 0,67 
066 0,56 0,66 0.53 0,57 1 0,81 0,67 0,52 0,78 0,60 
062 0,70 0.51 057 059 081 1 064 0.64 0.75 0,64 
085 0.81 070 076 0,61 0,67 064 1 0,71 076 057 
0.65 0,82 060 0,79 057 0,52 064 0,71 1 0,60 0,64 
079 0,64 0,71 061 0,54 0,78 0,75 0,76 0,60 1 0,64 
058 0,57 066 0.61 0.67 060 064 0.57 0.64 064 1 
0,70 0.58 0.79 061 0.57 0,80 066 072 0.62 074 068 
091 0,76 0,72 0.72 056 066 OS8 0,91 0,68 0,77 058 
0,62 0,63 0.72 0.67 0.71 0.62 0.52 0.65 0,63 0.63 0.67 
0.72 0.77 0.63 0.79 0.60 0.66 0.66 0.73 0.75 0.70 0.69 
066 0.57 0.73 0,73 0,57 073 0,60 0,67 070 0,72 0,69 
074 0.67 0.70 066 0.59 0.78 0.74 0.71 060 0.73 0.63 
0.58 0,55 0,58 0.70 0,60 0,67 055 0,60 0,62 059 064 
0,77 0,70 0,71 0,70 0,61 0,78 0,70 0,75 0,61 0,74 0,69 
057 056 0,59 066 059 060 064 0,59 062 059 071 
057 0,57 0,62 060 0,75 0,53 0,50 0,58 0,54 0,52 0,66 
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